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Introduction

The great forest expansion of the second half of the last century has contributed to the sequestration 
of atmospheric carbon dioxide, which has been kept in the form of carbon in trees and forest soils. 
Today, however, the role of forests in climate change mitigation is at risk in Catalonia: the rate of CO2 
sequestration has declined by 17% over the last 25 years and the increasing frequency and intensity 
of disturbances threaten accumulated stocks. In 25 years, forest biomass in Catalonia has increased 
by 73% and forests today are 24% denser now than in 1990. As a consequence of global change, the 
health	of	forests	has	deteriorated,	the	risk	of	fire	has	increased	and	the	provision	of	basic	services	
such	as	water	has	been	affected,	with	a	30%	reduction	in	river	flow	in	25	years	(Banqué	et al., 2020).  
Biodiversity	has	also	been	affected	by	forest	expansion,	especially	biodiversity	linked	to	scrub	and	
open	spaces.	In	the	last	20	years,	the	populations	of	birds	and	butterflies	associated	with	these	en-
vironments have been reduced by 14% and 57% respectively (State of Nature in Catalonia, 2020).

In this scenario, multifunctional forest management is key to mitigating climate change and, above 
all, to adapting our landscapes to new climatic conditions. Beyond obtaining wood and cork pro-
ducts,	 in	many	cases	a	 forest	must	be	managed	 to	prevent	catastrophic	fires	or	 to	 increase	 the	
resistance of forest masses to longer periods of drought and more frequent disturbances, or so that 
they	can	recover	more	quickly.	Management	that	integrates	different	objectives	must	promote	the	
proper	functioning	of	forests	so	that	they	provide	those	benefits	—the	forest	ecosystem	services—	
of greatest value for each territory, including fundamental aspects as the production of goods such 
as timber or cork, carbon sequestration, forest biodiversity, the supply of quality water and control 
of soil erosion.

This paper sets out a methodology for calculating the impact of multifunctional forest management 
on three key factors of climate change mitigation and adaptation in the Mediterranean: carbon, water 
and	biodiversity.	In	this	first	version,	the	impact	of	management	on	the	carbon	balance	has	been	
obtained for the main conifers in Catalonia, the Aleppo pine, Scots pine and black pine, and for holm 
oak. The assessment of the impact of management on water resources (blue water) incorporates 
calculations for all forest typologies formations, while biodiversity is assessed for all types of forest 
management and formation.
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1.1 Introduction

Forests have a key role to play in mitigating 
climate change: in Catalonia they sequester 
around 10% of total CO2 emissions. Forests 
act	as	carbon	fixers	when	they	grow,	 i.e.	when	
they capture more CO2 through photosynthesis 
than	 they	 emit	 through	 respiration,	 influenced	
by climate, soil, other species and human in-
tervention. As forests develop, the total amount 
stored, both in vegetation and in the soil, be-
comes greater, and it is a long time before the 
balance between sequestration and release is 
reached (Stephenson et al., 2014). The moment 
when this equilibrium is reached depends on 
many factors, so the role of old-growth forests in 
carbon sequestration is still a matter of debate 
(see, for example, Gundersen et al., 2021, ques-
tioning the results of Luyssaert et al., 2008).

However, it is widely accepted that forests who-
se vitality is compromised (forests subject to a 
great deal of competition, experiencing water 
stress, etc.) can become emitters (Wang et al., 
2020). In the last decade, European forests 
have started to show signs of stagnation in their 
carbon sequestration capacity (e.g. Naaburs 
et al., 2013). Catalonia is no exception: the rate 
of CO2 sequestration in Catalan forests has de-
creased by 17% over the last 25 years (Banqué 
et al., 2020) and the increasing frequency and 
intensity of disturbances threaten the stocks 
accumulated over the years. In the Mediterra-

nean, where water is a limiting factor, climate 
change	is	expected	to	have	the	opposite	effect	
to	the	fertilising	effect	of	increased	CO2 and ri-
sing temperatures expected in more northerly 
latitudes: growth, and thus the ability to seques-
ter carbon, will be compromised by the reduced 
availability of water. Signs have already been 
detected in some forests in the north of Spain 
and in mountain areas, with species at the 
southern limit of their distribution, and in unma-
naged forests (Vay reda et al., 2012).

The only tool we have to increase the capacity 
of forests to mitigate climate change is sustai-
nable forest management, as recognised in the 
Paris and Glasgow agreements. Some authors 
have estimated that forest management could 
not only maintain the rate of carbon seques-
tration but double it (Naaburs et al., 2017). In 
Catalonia, an increase of up to 45% in carbon 
sequestration (from 1.24 to 2.25 tonnes/year) 
attributable to forest management has been do-
cumented (Vayreda et al., 2012). 

Forest management can contribute both to 
maintaining the rate of carbon sequestration 
in forests (increasing their vitality by regulating 
competition for resources and, locally, with 
plantations) and to conserving existing carbon 
stocks	(e.g.	through	fire	prevention	measures,	
favouring the production of long-lived wood 



11

Impacte de la gestió forestal en el balanç de carboni

products or taking care not to damage forest 
soils). Beyond the forest, the production of 
renewable and locally sourced raw materials, 
such as wood or cork, facilitates the replace-
ment of fossil fuels and materials and contribu-
tes to targets for decarbonising the economy. 

Finally, management can help reduce the im-
pact	 of	 forest	 fires	 and	 water	 stress,	 severe	
disturbances occurring frequently in the Medi-
terranean that can lead to both a loss of biodi-
versity and an uncontrolled increase in emis-
sions.

1.2 IPCC methodology

Based on the IPCC (Intergovernmental Panel 
on Climate Change) (2006) guidelines for na-
tional greenhouse gas inventories (Chapter 4 
on forest land in Volume 4 on agriculture, fo-
restry and other land uses), the Forest Owner-
ship Centre (CPF) and the Institute of Agrifood 
Research and Technology (IRTA) established 
a	methodology	for	quantifying	the	effects	of	fo-
rest management on the carbon sink capacity 
of Catalan forests (Porras et al., 2015; Porras et 
al., 2017). The «gain-loss method» was applied, 
using the carbon pools and the formulas provi-
ded in the guidelines, in order to monitor carbon 

fluxes	between	pools	and	also	to	obtain	carbon	
sequestration values in merchantable timber, 
standing timber, dead organic matter and roots, 
all	at	different	times	in	the	rotation	(in	the	rege-
neration stages, when stands are more mature, 
and in the pre-regeneration stage) and at the 
end of the rotation (figure	1).

The impact of forest management was establis-
hed by comparing silviculture regimed based 
on reference managed forests (included in the 
«Guidelines for Sustainable Forest Manage-
ment in Catalonia» (ORGEST) (Piqué et al., 



Methodology for calculating the impact of forest management on ecosystem services: carbon, water and biodiversity

12

2011; 2017) and the evolution of «unmanaged 
forests», over 150 years. This methodology 
showed	 that	 a	managed	 stand	 fixed	 a	 greater	
amount of carbon than an unmanaged forest. 
Only in low-quality areas (site quality C) and 
in the case of some models where the main 
objective	 was	 fire	 prevention	 could	 values	 be	
lower.	 This	 methodology	 also	 allowed	 fixation	
to	be	compared	in	the	different	existing	models	
(figure	2).

This methodology takes into account the car-
bon sequestration resulting from stand growth 
after forestry treatment has been applied, and 
over	 different	 cutting	 rotation	 periods	 depen-
ding on the species and model chosen. Trees 
standing	after	forestry	intervention	fix	carbon	as	
they grow, to a greater or lesser extent depen-
ding on the type of formation and the procedure 
followed at any given time. Calculation of the 

balance ended when timber was at the loader, 
destined	for	different	industrial	uses,	depending	
on the species and the size of the product.

The calculation of the CO2 sink took into accou-
nt that each tonne of wood removes approxi-
mately 1.84 tonnes of CO2 from the atmosphe-
re and this is not released again until the end 
of the life cycle of the material (Correal et al., 
2017), which this study does not include, as it 
focuses on the forest. Another important issue 
in this methodoloty (of Porras et al., 2007) is 
that the crown debris from managed sites and 
dead wood on the ground from unmanaged si-
tes were included in the organic matter pool, 
but no allowance was made for the percenta-
ge of emissions they might account for, and the 
soil pool was not taken into account in the com-
parison.

Atmospheric carbon

Figure 1. Carbon stocks and carbon transfer in a forest system.
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Carbon in above-ground biomass

Carbon in below-ground biomass
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1.3 Capsules and reference scenarios in the carbon balance

Following	on	from	this	first	study,	the	proposed	
methodology goes a step further. Firstly, the 
impact of forest management on the carbon 
sequestration of the standing stock in a spe-
cific	period	according	to	model	and	pathway	fo-
cuses on the period between two forestry inter-
ventions of one type and not the whole rotation. 
Sequestration includes carbon emissions 
from the use of machinery during forestry 
operations and in the transport of the product 
obtained to an industrial site (in the methodo-
logy used by Porras et al., 2017, the process 
was restricted to the forest). The return to the 
atmosphere of carbon stored in shorter-lived 
products is also counted as emissions. Finally, 
the tonnes of carbon avoided are calculated 
by assessing what emissions could be avoi-

ded by the proposed management in the event 
of	a	major	 forest	 fire,	according	 to	 the	annual	
probability of its occurrence and the stock in-
volved,	and	by	assessing	the	positive	effect	of	
replacing non-renewable materials by wood or 
biomass.

This calculation must take into account the sce-
nario in which the impact is compared. The re-
ference scenario varies according to whether 
forestry treatment is applied from natural re-
generation, in plantations, or whether there 
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Figure 2. Tonnes	of	carbon	fixed	by	black	pine	forests	according	to	ORGEST	models	for	unmanaged	sites	
and for the three site qualities (high [A], medium [B] and low [C]).

Impact of management on CO2 balance= 
tCO2 sequestered - tCO2 emitted + tCO2 avoided
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is a change from one management model to 
another:

a. Non-management scenario: simulations 
are executed showing the growth and 
mortality of the stand without any type of 
management from the same initial situa-
tion as that considered in the management 
scenario.

b. BAU management scenario: this is appli-
cable when moving from a short rotation 
(BAU scenario) to a long rotation silvicultu-
ral model.

c. Non-planting scenario:	crop	field,	waste-
land, scrub or grassland forest where a tree 
plantation is possible but it is not executed. 

1 "We use the conversion from tC to tCO2 according the relation of the molecular weight of both compounds 
(33/12 g/mol).

Carbon sequestration from previous land 
use is not taken into account.

In this methodology, the reference scenarios 
chosen were no management and no planting, 
according to the forestry measures proposed.

In terms of time scale, the most realistic ap-
proximation possible of what happens during 
the period following the intervention has been 
chosen.	 In	order	 to	delimit	 this	period,	no	fixed	
interval is proposed. Its is preferable to choose 
a rotation period between interventions in accor-
dance	with	the	different	forestry	models	applied,	
which can vary between 15 and 30 years. This 
moment is considered to coincide with the point 
at	which	the	benefits	of	the	intervention,	in	terms	
of stimulating growth, come to an end.

CAPSULE 1. CARBON SEQUESTRATION

Variations in carbon sequestration due to forest management

At the management level, the calculation of 
the balance of carbon sequestered in the 
period considered, tCO2 sequestered, is ob-
tained	 from	 the	 carbon	 fixed	 by	 the	 trees	 that	
remain standing after the implementation of fo-
restry measures1, compared to the unmanaged 
reference scenario. Bearing in mind that the un-
managed reference model is only available for 
the three commonest conifers in Catalonia, the 
Scots pine, the Aleppo pine and the black 
pine (Pinus sylvestris, Pinus halepensis 
and Pinus nigra) and the holm oak (Quer-
cus ilex), the analysis of the carbon balance in 
other forest formations is conditional on obtai-
ning these models.

The carbon balance by forest formation, site 
quality, model and itinerary, comparing mana-
ged and unmanaged forests, can be found in 
annex.

In order to obtain the carbon content in trees 
and roots, in the products obtained, and in the 
harvest	 residues,	 different	 biomass	 fractions	
are previously calculated and a carbon factor 
(CF) per species is applied to them (Monte-
ro et al., 2005), i.e. the percentage of carbon 
by weight contained in the dry matter for each 
species. The CF used for Pinus sylvestris and 
Pinus nigra is 0.509, for Pinus halepensis it is 
0.499 and for Quercus ilex 0.475 (Table 1).

The biomass fractions calculated are total abo-
ve-ground biomass (AGB), foliage and branch 
biomass (FBB) and total below-ground biomass 
(BGB).	 For	 the	 first	 two	 (AGB	 and	 FBB),	 we	

tCO2 sequestered = 
tCO2 sequestered managed - tCO2 sequestered unmanaged
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use allometric equations proposed by CREAF 
based on IEFC data, while for below-ground 
biomass (BGB), we use equations proposed 
by INIA (table 2). These equations are used to 
calculate the biomass fractions of both standing 
trees	 and	 trees	 affected	 by	 forestry	 interven-
tion. A recent study (Ameztegui et al., submit-

ted)	has	verified	the	importance	of	choosing	the	
right allometric equation for biomass estimates 
in forests, and has shown that it is always prefe-
rable to use equations developed from samples 
that are local or geographically close to the stu-
dy area.

Table 1. Percentage by weight of carbon content in dry matter applied to each species 
Source: Montero et al. (2005)
Species % Carbon Species % Carbon
Abies alba Mill. 50.6 Pinus halepensis Mill. 49.9
Abies pinsapo Boiss. 50.0 Pinus nigra Arn. 50.9
Alnus glutinosa L. 50.0 Pinus pinaster Alt. 51.1
Betula spp. 48.5 Pinus pinea L. 50.8
Castanea sativa Mill. 48.4 Pinus radiata D. Don 49.7
Ceratonia siliqua L. 50.0 Pinus sylvestris L. 50.9
Erica arborea L. 50.0 Pinus uncinata Mill. 50.9
Eucalyptus spp. 47.5 Populus x euramericana (Dode) Gulnier 48.3
Fagus sylvatica L. 48.6 Quercus canariensis Willd. 48.6
Fraxinus spp. 47.8 Quercus faginea Lamk. 48.0
Ilex canariensis Poir. 50.0 Quercus ilex L. 47.5
Juniperus oxycedrus L./J. communis L. 50.0 Quercus pyrenaica Willd. 47.5
Juniperus phoenicea L./J. sabina L. 50.0 Quercus robur L./Q. petraea Liebl. 48.4
Juniperus thurifera L. 47.5 Quercus suber L. 47.2
Laurus azorica (Seub.) Franco 50.0 Other conifers 50.0
Myrica faya Alt. 50.0 Other broadleaved 50.0
Olea europaea var. sylvestris Brot. 47.3 Other laurisylvae 50.0
Pinus canariensis Sweet ex Spreng. 50.0

Table 2. Allometric equations for the calculation of biomass per species
Species Var. D Equation a b c Source
Pinus nigra AGB a·DBHb·Htc 0.04 2.15 0.54 IEFC

Pinus halepensis AGB a·DBHb·Htc 0.08 1.96 0.52 IEFC

Pinus sylvestris AGB a·DBHb·Htc 0.06 2.05 0.56 IEFC

Quercus ilex AGB a·DBHb·Htc 0.11 2.08 0.42 IEFC

Pinus nigra FBB a·DBHb 0.04 2.19 IEFC

Pinus halepensis FBB a·DBHb 0.08 1.95 IEFC

Pinus sylvestris FBB a·DBHb 0.06 2.03 IEFC

Quercus ilex FBB a·DBHb 0.11 2.00 IEFC

Pinus nigra BGB a·DBHb 0.02 2.39 INIA

Pinus halepensis BGB a·DBHb 0.03 2.30 INIA

Pinus sylvestris BGB a·DBHb 0.01 2.63 INIA

Quercus ilex BGB a·DBHb 0.55 1.79 INIA

AGB: total above-ground biomass (kg); FBB: foliage and branch biomass (kg); BGB: total below-ground biomass (kg); DBH: diameter at 
breast height (cm); Ht: total height (m).
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The carbon fixed between two intervetions 
(Cha/year) is the increase in the mass according to 
the period established, which varies according 
to each model and itinerary. It is calculated as 
the	difference	between	the	carbon	stock	at	the	
end of the period and the carbon stock imme-
diately after the intervention. These values are 
obtained by applying the allometric equations 
(Table 2) to the forest's structural parameters 
(diameter,	 height),	 as	 defined	 in	 the	ORGEST	
forestry models for these two situations. From 
this value we subtract the proportion of carbon 
emitted into the atmosphere by the decomposi-

tion of cutting debris and dead roots from har-
vested trees. In the case of holm oak, the roots 
have not been considered as dead organic mat-
ter, since it is a regrowth species whose stump 
does not die.

In the case of mixed stands, the reference mo-
del chosen for the main species must be taken 
into account when determining future growth. 
For secondary species, the average growth ra-
tes obtained in the reference forestry models 
should be used, depending on whether mana-
gement is irregular or regular, and, in the latter 
case, on the stage of development of the spe-
cies (young, adult or regenerating). The overall 
growth value will be obtained by applying the 
percentage of basal area (BA) represented by 
each species and the site quality of the spe-
cies in the area where intervention is to be 
carried out.

Carbon emissions from the decomposition of cutting and roots

Through the decomposition of organic matter, 
much of the carbon is emitted into the atmos-
phere as CO2, while a small proportion is absor-
bed in the soil in particulate form or dissolved 
in rainwater (Figure 1). To estimate the carbon 
content of coarse and medium debris (> 5 cm 
in diameter) in the forest diferent decomposition 
(k) rates (Olson, 1963) are obtained from litera-
ture (Table 3). Mattson et al. (1987) give an ave-
rage rate of 0.083 for year-1	in	different	species	
in southern North Carolina (USA), while the ra-
tes given by Herrmann et al. (2015) for southern 

Germany are considerably lower. The latter 
authors	 estimate	 different	 rates	 according	 to	
species	and	do	not	find	climate	to	be	the	factor	
explaining variations within species. Depending 
on the source of information and the species, 
debris	 is	 thus	 given	 a	 different	weighting	 over	
time (Figure 3).

Mattson et al. (1987) estimate that about 2/3 of 
the carbon lost is emitted into the atmosphere 
and the rest is incorporated into the soil. If we 
apply over time the decomposition rates propo-

Table 3. Decomposition (k) rates (Olson, 1963) for different species according to the literature

Reference Species Diameter 
cm

Olson k 
rate y-1 Location Average P 

mm
Average T 

°C
Mattson et al. Various -- 0.083 North Carolina 1,820 12.6

Herrmann et al. Fagus sylvatica <20 0.078 Southern Germany 657-1,700 8.5-11.0

Pinus sylvestris
20-40 0.055

Southern Germany 657-1,700 8.5-11.0
<20 0.050

Picea abies

20-40 0.030

<20 0.034 Southern Germany 657-1,700 8.5-11.0

20-40 0.036

Cha/year = ((C. live treestn - C. live treesto) + (C. live 
rootstn - C. live rootsto)) / (tn-to) - 
(C wood debris + C dead roots) x C emission 
ratio.
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sed by authors and the assumption based on 
Mattson that only 1/3 of the C from decompo-
sing remains is incorporated into the soil, an 
estimate can be made of the amount of C re-
maining in the forest (debris or soil) (Figure 3, 
center). C emitted to the atmosphere in time, 
would be its complementary. The C emitted into 
the atmosphere over time would be in addition 
to this amount. The percentages of C in the de-
bris remaining in the forest, incorporated into 

the soil or emitted into the atmosphere over 10, 
15 and 20 years are shown in Table 4. Medium 
and coarse roots are considered to have similar 
characteristics to debris.

In this methodology, to estimate carbon emis-
sions to the atmosphere produced by the de-
composition of cuttings and roots using this 
methodology, the reference value chosen was 
the rate of carbon emitted into the atmosphere 

Figure 3. Changes in the percentage of C in debris according to species, held in decomposing remains (left, 
based on k = 0.083 yr-1), plus C incorporated into the soil in particulate form or dissolved in rainwater (1/3 of 
decomposed debris, centre) and C emitted into the atmosphere (right). The diameter of debris was taken to be 
less than 20 cm. Figures have been obtained from the information given in Table 2. «Other» corresponds to the 
k rate of Mattsonn et al. (1987) and those for the species to Herrmann et al. (2015).
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Table 4. Estimation of carbon over time after management for remaining weight (%), decomposing 
remains and that incorporated into the soil in particulate form of washed in according to rates esti-
mated by different authors (Table 1) with debris diameter less than 20 cm.

Year
Remaining 

debris
Lost Flow to ground

C in debris 
or soil

Emitted to 
atmosphere

Other
10 43.5 56.5 18.8 62.4 37.6

15 28.7 71.3 23.8 52.5 47.5

20 18.9 81.1 27.0 46.0 54.0

Pinus sylvestris
10 60.7 39.3 13.1 73.8 26.2

15 47.2 52.8 17.6 64.8 35.2

20 36.8 63.2 21.1 57.9 42.1

Fagus sylvatica
10 58.3 41.7 13.9 72.2 27.8

15 44.5 55.5 18.5 63.0 37.0

20 34.0 66.0 22.0 56.0 44.0
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indicated by Herrmann et al. (2015) for Pinus 
sylvestris for a period of 15 years (35.2%). To 
apply the rate indicated to estimates of carbon 
emissions from decomposition in the referen-
ce forestry models (ORGEST), an annualised 

value (2.35%) was taken and multiplied by the 
number of years between forestry interven-
tions.	The	same	rate	was	used	for	the	different	
species considered in this methodology.

Carbon sequestration in unmanaged forests

In order to compare carbon sequestration in 
managed	 and	 unmanaged	 forests,	 different	
theoretical growth models were developed. The 
construction of such growth models for unma-
naged	stands	is	difficult,	given	the	lack	of	avai-
lable	 scientific	 studies.	 It	 is	 worth	 mentioning	
here the unpublished study «Silvicultural itine-
raries of non-management for Pinus sylvestris 
in Catalonia» produced by Fora Forest Techno-
logies in 2019, presenting a theoretical growth 
model for Pinus sylvestris.

The methodology followed to construct the 
theoretical growth models used is based on the 
application	 of	 different	 studies	 and	 sources	 of	
information.	Different	models	have	been	deve-
loped for the site qualities indicated in the OR-
GEST reference forestry models, and for black 
pine, Aleppo pine, Scots pine and holm oak for-
mations.

In this methodology, the following steps have 
been followed:

1. Determining a dominant age-height adjus-
ted to each site quality (site index).

In the case of black pine and Scots pine for-
mations, the formulas indicated in articles 
by Palahí et al. (2003 and 2004) on site in-
dex and growth of stems have been used, 
while for the Aleppo pine, the formulas indi-
cated in the article by Montero et al. (2001) 
have been used. In order to adjust the 
age-height	 relationship	 to	 the	different	site	
qualities of the ORGEST models, reference 
values from these models have been used.

A	 different	 approach	 was	 used	 for	 holm	
oak because, at the time of the study, there 

were no equations available to relate age 
to height. In this case, the height was ob-
tained using the same equations as in the 
ORGEST reference models for holm oak, 
where the height is calculated according to 
the diameter. To determine how diameter 
evolves with stand age, a diametric growth 
factor for unmanaged forests, obtained from 
X. Mayor and F. Rodà (1993), was applied.

2. Determining changes in density and mor-
tality.

To do this, the stand density index (SDI), 
a density indicator originally developed in 
1933 by Reineke (Reineke's stand density 
index), as used in the ORGEST reference 
models, was applied. The parameters used 
to calculate SDI were adjusted for each 
species, using studies carried out by Ve-
ricat et al. (2014) as a source for this ad-
justment.

SDI	can	be	defined	as	the	equivalent	num-
ber of trees per hectare of 25 cm quadratic 
mean diameter, formulated as:

The same initial density as that used in 
the ORGEST models was used to obtain 
the density, adjusted for each reference 
age according to the SDI. To estimate the 
quadratic	 diameter,	 different	 equations	 ac-
cording to species were used, devised by 
Piqué et al. (2017) based on National Fo-
rest Inventory (NFI) data and depending 

where, N is the number of 
trees per hectare, or density, 
Dg is the quadratic diameter 
and ß is the thinning slope.
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on the height, age and density of the forest 
stand. To estimate mortality when applying 
the SDI, based on the SDI study (Vericat 
et al., 2014), it was considered that morta-
lity starts to occur when the SDI is 60% of 
the maximum and that when maximum SDI 
is reached or exceeded mortality is 100% 
of the excess trees (Table 5). In view of the 
difficulty	of	establishing	a	mortality	gradient	
between 60% and 100% of the SDI, and 
considering the idea put forward in some 
studies (Palahí et al., 2003) that the SDI is 
different	according	to	the	quality	of	the	site,	
it was decided to adjust the onset of morta-

lity to 100% of the maximum SDI in quality 
A, 72% in quality B and 53% in quality C.

Once the growth models for unmanaged fo-
rests had been obtained, the same allometric 
equations	 and	 species-specific	 carbon	 factors	
(Tables 1 and 2) were used as in the section 
«Variations in carbon sequestration due to fo-
rest management», and the same annual per-
centage of emissions from dead wood (2.35%).

With these calculations, we obtain the carbon 
fixed	 in	 living	 organic	matter,	 trees	 and	 roots,	
and the carbon emissions from decomposition, 
comparing the ORGEST management referen-
ce models and the non-management models, 
between	two	established	cut-off	periods.

Carbon sequestration in plantations

To determinate the carbon stored due to 
the planting	of	different	species	of	interest,	the	
allometric equations developed by CREAF with 
data from the Ecological and Forestry Inventory 

of Catalonia (IEFC), which are available at the 
Catalan Forestry Laboratory (https://laborato-
riforestal.creaf.cat/), were used. The IEFC in-
cluded the measurement of total above-ground 

Table 5. Parameters used in the SDI
Species ß Maximum SDI Source
Pinus nigra 1.896 1,287 CTFC

Pinus halepensis 2.029 1,200 CTFC

Pinus sylvestris 2.071 1,339 CTFC

Quercus ilex 2,139 800 CTFC

Cha/year = ((C. live treestn - C. live treesto) + (C. live 
rootstn - C. live rootsto)) / (tn-to) - 
(C wood debris + C dead roots) x C emission 
ratio

https://laboratoriforestal.creaf.cat
https://laboratoriforestal.creaf.cat
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biomass (AGB) for a sub-sample of trees of all 
species. From these data, a series of allometric 
relationships were obtained for each species, 
for Catalonia as a whole, allow AGB to be es-
timated from other more easily obtained varia-
bles, such as species, normal diameter and, in 
some cases, height.

According to this methodology, the carbon 
storage capacity was calculated using the fo-
llowing steps:

1. Calculation, for each species, of the expec-
ted	mean	diameter	at	different	ages:	0,	10,	
20... up to 80 years, using the age-diameter 
ratios established in NFI1 and listed in the 
publications Las coníferas en el Primer In-
ventario Forestal Nacional (1980) and Las 
frondosas en el Primer Inventario Forestal 
Nacional (1979).

2. Calculation of the height corresponding to 
each diameter, using the ratios calculated 
in Ameztegui (2020) from NFI3 data in Ca-
talonia. The height-diameter ratio was ad-
justed to the following non-linear model: Ht 
= 1.3 + (H1 - 1.3) * (1 - exp (-B*DBH)), where 
DBH is the diameter in cm, Ht is the height, 
in metres, and H1 and B are two parameters 
to be estimated.

3. Calculation of total above-ground biomass 
for species of interest, based on the allome-
tric ratios published in the IEFC and the dia-
meter and height values calculated above.

4. Calculation of total biomass including roots 
(ratio of root biomass to above-ground bio-
mass). As in the case of managed forests, 
this value was obtained from Ruiz-Peina-
do et al. (2012) for broadleaved trees and 
Ruiz-Peinado et al. (2011) for conifers. If a 
species had not been included in previous 

publications, a mean value for genus or 
functional group was assigned.

5. Conversion of biomass values to content of 
carbon, based on the proportion of carbon 
contained	 in	 the	 biomass	 of	 the	 different	
species (Montero et al., 2005) and, subse-
quently, of CO2.

This methodology allows us to obtain a table 
in which the CO2	 fixed	 by	 every	 tree	 is	 given,	
for the main tree species and by age-range 
(Annex). This methodology was chosen, rather 
than others based on the calculation of total 
stocks by volume, according to the National 
Forest Inventory, because the latter involve the 
indirect calculation of biomass from volume, 
by means of conversion factors. Although the 
latter methodology is the one recommended 
in the Guía para la estimación de absorciones 
de dióxido de carbono, published by the Spa-
nish Ministry for the Ecological Transition and 
the Demographic Challenge, it has been found 
that these factors may vary not only according 
to the species, but also to the diameter class 
of the tree and even the volume equation used. 
There is, therefore, a degree of uncertainty 
about its suitability, which has led us to look for 
an alternative, even though both methodologies 
provide similar results for most of the species 
considered.

The carbon sequestration period would run 
from	the	time	of	planting	to	the	first	intervention,	
depending on the species chosen. The CO2	fi-
xed should not involve any other input or output; 
it will be the value sequestered and accumula-
ted annually in the period set by the total num-
ber of trees being planted. The reference sce-
nario	is	no	planting,	so	only	the	carbon	fixed	by	
planted trees is taken into account, regardless 
of the pre-existing vegetation, which is conside-
red	to	fix	the	same	amounts	in	both	scenarios.

tCO2 sequestered Plantation = tCO2 sequestered by 1 treetn x N. trees planted/ha
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CAPSULE 2. CARBON DIOXIDE EMISSIONS FROM OPERATIONS AND PRODUCTS 
OBTAINED

Firstly, a calculation is made of emissions from 
the work of cutting and hauling timber, clearing 
brush where necessary, and transporting pro-
ducts to the relevant industrial site. Within the 
period considered, which is less than 30 years, 

emissions from biomass used for energy (2 
years of shelf life) and/or biomass for pallets 
and packaging (10 years of shelf life) are also 
calculated.

Emissions from forestry work and transport to industrial sites

Information on forestry work has been obtained 
from the study by Porras et al. (2017), conside-
ring chainsaws, brush cutters and forestry trac-
tors with winches as CO2 emitting machinery. 
Although the emissions indicated in the study 
account for between 0.2 and 0.4% of the total 
carbon stock over 150 years, which is negligi-
ble with respect to the rate of carbon sequestra-
tion, they have been taken into account in this 
methodology. However, it is also considered 
that the management of a stand may involve 
the repair of forest trails, in the period between 
two interventions.

The average density of roads in forest estates 
in Catalonia is around 90 m/ha, while the avera-
ge density of tracks for haulage in private forest 
management schemes is 47 m/ha (POCTEFA 
iForWOOD, 2020. Project for the implementa-
tion of the dynamic network of roads in Cata-
lonia, VIACAT). If we do not have the length of 
the haulage roads in a stand, for a preliminary 
estimate the average density referred to above 
can be considered.

Based on the yield of each forestry operation 
(in h/ha or h/km) and the fuel consumption of 
the machinery used for each of these opera-
tions (environmental values obtained from the 
Forest Ownership Centre) (Table 6), the to-
tal emissions per hectare managed (tCO2/ha) 
were calculated (Table 7). For this calculation, 
emission factors have been obtained for each 

energy source according to th Guia de càlcul 
d'emissions de gasos amb efecte d'hivernacle 
(GEH) (Catalan Ministry of Territory and Sustai-
nability (DTES), 2021). During the execution of 
the	work	 there	may	be	a	combination	of	diffe-
rent machinery and other methods of haulage; 
here we have focused on the most common si-
tuations.

For emissions produced by the transport of 
commercial wood to industrial sites, the same 
guide (DTES, 2021) gives values for emissions 
from	 mobile	 sources	 using	 fuel	 in	 different	
means of transport (related to the movement of 
people or goods). For a 14-20 t rigid lorry driven 
in a rural area a value of 0.549 kg CO2/km is 
obtained. According to the amount of wood cut 
and left at the landing (in tonnes of green wood, 
density t50%/m3), we need to know the total num-
ber of km to be driven to the industrial site, i.e. 
the number of journeys to be made by lorry. In 
general, it is considered that the transformation 
process is economically viable with journeys of 
up to 80 km to the sawmill and 40 km for the 
production of biomass for energy, average va-
lues	that	can	be	used	if	the	final	destination	of	
the product is not known.

tCO2 emitted = tCO2 emissions from forestry work and transport + tCO2 product combustion emissions

tCO2 emitted forestry work = yield (h/ha) x consumption 
(l/h) x emission factor (tCO2/l)
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Combustion emissions from short life-cycle products

From dry above-ground biomass, excluding 
the crown that remains on the ground, we can 
obtain	 different	 products:	 biomass	 for	 energy,	
low- and medium-quality lumber for packaging 
and pallets, and high-quality wood for structu-
res and other material with a life of more than 
30 years (Figure 4). Depending on the type of 
forest (young stands, adult stands, stands with 
wood of greater or smaller dimensions) and the 
treatment applied, a certain quantity of each 
type of product is obtained (Table 8). The car-
bon	fixed	 in	 these	products	 can	be	 re-emitted	
into the atmosphere within a few years if the 
type of product obtained has a short life cycle 
and is not recycled. The product biomass will 
be converted into carbon and produce CO2 
emissions at a rate of 3.67 tCO2/tC.

In this methodology, a 100% CO2 return has 
been considered for wood destined for heating 
purposes and a lower value for timber destined 
for pallets and packaging, taking a product rota-
tion factor into account, assuming that it is used 
in multiple cycles or rotations for distribution 
(Waste Agency of Catalonia, 2006). In the latter 

case, a recycling factor (Fr) of 25% has been 
assumed, taking compliance with European re-
cycling regulations into account.

Table 8	 shows	 the	 different	 products	 that	 can	
be obtained depending on the type of treatment 
carried out and the quality of the resources in 
the forest according to its condition and struc-
ture. Early thinning provides short-lived pro-
ducts and, as the stand becomes more mature, 
we can obtain a higher proportion of timber for 
structures,	which	 helps	 to	 store	 the	 fixed	CO2 
from the atmosphere for longer.

Table 6. Production, consumption and emission factors according to forestry operations

Machinery Energy 
source Consumption Emission 

factor
Sapling 
thinning

Clearing 
undergrowth

Selective/
Low thin-

nings

End of rotation 
seed thinnings Road repairs

I I/h kgCo2/l (h/ha) h/ha h/ha h/ha h/km

Chainsaw Petro 0.625 2.24
48 32

40 32 -

Brushcutter Petrol 0.625 2.24 - - -

Forestry 
tractor

Diesel 6.5 2.68 - - 24 16 -

Fork-lift truck Diesel 12 2.68 - - - - 8

Table 7. Carbon emission values of machinery according to forestry operation
Forestry treatments Emissions from machinery (tCO2/ha)
Sapling thinning 0.0672

Clearing undergrowth 0.0448

Selective/mixed/low thinning 0.4741

End of rotation seed thinnings 0.3235

Repair of forest roads (47 m/ha) 0.0121

tCO2 product emissions = ((BM + BC) x CF) x 
(% wooe for energy + (% timber for pallets and 
packaging) * (1-Fr)) x 3.67 tCO2/tC

Where:

BM: biomass of trunk crown 
BC: biomass with bark 
CF: percentage by weight of carbon in dry matter by 
species 
Fr: Recycling factor
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Figure 4. Shelf life of forest products. Source: Correal et al. (2017).

Useful life (years)

Structures, slabs90

W
oo

d 
(2

-1
20

)

50

30

10

2

1

Forniture and closures

Posts, fences, crossbeams

Pallets and packaging
Paper and cardboard

Energy

Photosynthesis

CO
2  (5-500)

Table 8. Percentatge of products that can be obtained to the type of forestry treatments

Percentge (%) of marketable 
product obtained with ORGEST 
silvicultural treatment

% long-life products 
(>30 years): 

structures, furniture, fences, 
poles, crossbeams

% medium-life pro-
ducts (<10 years): 

pallets and packaging

% short-life pro-
ducts (< 2 years): 
paper, cardboard 

and energy
EA - Regulation of competition, sapling 
thinning/regrowth 0 0 0

EA - Regulation of competition, young 
pine forests (<30 years) 0 20 80

EA - Regulation of competition, adult 
pine forests - Thinning with low-quality 
products

10 40 50

EA- Regulation of competition, adult 
pine forests - Thinning with high-quali-
ty products

30 50 20

EA- Regulation of competition, broad-
leaved/oak - low-quality products 0 0 100

EA- Regulation of competition, broad-
leaved/oak - high-quality products 40 0 60

UEA- Regulation of competition, pine 
forests (selective cutting) 20 50 30

UEA- Regulation of competition, 
broadleaved/oak (selective cutting) 30 0 70

Long rotation forestry in pine forests 40 50 10
Long rotation forestry in broadleaved/
oak forests 40 0 60

Conversion to pasture in pine forests 20 50 30
Conversion to pasture in broadleaved/
oak forests and grazing land 0 0 100

EA: even-aged forest. UEA: UneEven-aged forest. 
Low - and high - quality products are linked to size and form.
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CAPSULE 3. CARBON DIOXIDE EMISSIONS AVOIDED

This capsule includes emissions that are avoi-
ded due to an improvement in stand structure 
that reduces the severity or intensity of forest 
fires,	 so	 that	 it	 does	 not	 emit	 part	 of	 the	 final	
fuel stock existing at a given time. For areas in-
cluded	 in	strategic	fire	prevention	areas	(PEG/
AFG, others) established in landscape-scale 

plans, the emissions avoided can also be cal-
culated	 according	 to	 the	major	 forest	 fire	 pre-
vention function of these infrastructures. On the 
other hand, emissions from fossil fuels or from 
the use of non-renewable materials avoided 
when they are replaced by biomass or wood 
are	also	considered	(substitution	effect).

Emissions avoided in fire prevention in a stand where preventive action has been taken

Large	 forest	 fires	 in	 Catalonia	 have	 average	
emissions (2006-2015) of 56,000 tCO2 year-1 
and are an essential modelling agent of Me-
diterranean cultural landscapes (Balde and 
Vega-García,	 2019).	 Currently	 most	 fires	 are	
caused by human activity, and a small number 
that overcome extinction capacity under extre-
me weather conditions are responsible for most 
of the areas burnt (Rodrigues et al., 2019). The 
CO2	emissions	expected	from	forest	fires	(tCO2 
ha-1 year-1) can be determined from (i) the likeli-
hood	of	burning	and	(ii)	the	most	likely	effects	of	
fire	in	the	stand	affected	(Alcasena	et al., 2021).

In order to determine the annual probability 
of burning, it is essential to simulate the be-
haviour	and	spread	of	thousands	of	forest	fires	
(≥	10,000	years)	on	a	landscape	scale.	For	this	
purpose, the minimum travel time (MTT) algo-
rithm (Finney, 2002) has been used, calibrated 
at 150 m resolution to replicate the distribu-
tion	 of	 fires	 (burnt	 areas)	 observed	 during	 the	
period 1998 to 2015 (Alcasena et al., 2018). In 
fire	 simulation,	 the	 most	 frequently	 observed	
weather scenarios are considered (e.g. synop-
tic	 conditions)	 in	 each	 macro-area	 (e.g.	 diffe-
rentiated	fire	regime	zone)	and	a	distribution	of	
fires	based	on	occurrence	(likelihood	of	ignition)	
models. By superimposing the burnt sections 
in the areas simulated we can calculate the fre-
quency with which each stand (or pixel) in the 
landscape burns. Dividing this by the number 

of years simulated gives us the annual proba-
bility of burning. The annual probability of bur-
ning can be expressed as a value between 0 
and 1, or a mean recurrence period in the bur-
ned area (e.g. p = 0.04, T = 25 years). So that 
this parameter can be used in the methodology 
presented here, a map has been drawn up with 
the annual probability of burning for the whole 
of Catalonia (Figure 5).

To calculate the effects of or emissions from 
a fire there are numerous procedures depen-
ding	on	the	scale	of	application	and	the	difficul-
ty of obtaining input values for the calculations. 
First the biomass available must be determined, 
then the biomass consumption (fuel consump-
tion	 or	 efficiency	 of	 burning)	 for	 each	 pixel	 or	
stand,	and	finally	an	emission	factor	is	applied,	
relating the grams emitted of CO2 per kilogram 
of dry matter consumed. It is not normally pos-
sible to have data for all fuel compartments for 
a given stand fuel model, unless destructive 
sampling is carried out, and other procedures 
more suitable for regional scales have to be 
applied. At the stand level, dry matter should 
be presented in t ha-1 for each of the fractions 
(fine,	 medium,	 coarse	 deadwood,	 organic	 soil	
matter,	 herbaceous,	 scrub,	 etc.)	 typified	 in	 the	
corresponding	fuel	model.	Consumption	or	effi-
ciency can be determined with models of bur-
ning conditions (fuel moisture for each fraction) 
(Prichard et al., 2017) or by using response 

tCO2 avoided = tCO2	avoided	by	fire	prevention + tCO2 avoided by substitution
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functions that estimate stand or pixel consump-
tion	based	on	the	flame	length	obtained	 in	 the	
simulations (Ager et al., 2010).

In our methodology, for the whole of Catalonia, 
the fraction of fuel burnt is obtained from publis-
hed ratios of combustion factors or percentages 
of biomass consumed corresponding to vege-
tation classes typical of the Mediterranean en-
vironment (De Santis et al.,	2010)	and	fire	seve-
rity classes based on simulations of conditional 
flame	length	(CFL)	mapping	(Table 9).

At the stand level, we need to know the value 
of the existing above-ground biomass and to 
apply the combustion factors for the relevant 

intensity and the average CO2 emission factor 
for the vegetation type. Finally, it will be neces-
sary to apply emission factors extracted from 
the literature for Mediterranean formations (Ta-
ble 9), converted from gCO2/kg dry a matter to 
tCO2/t dry matter to facilitate calculations in fo-
rest units of measurement (Clinton et al., 2006, 
1396-1580 g/kg-1).

The following considerations have been taken 
into	account	in	defining	management	and	non-
management scenarios:

in the unmanaged scenario, it is assumed 
that	 a	 high-intensity	 fire	 will	 be	 generated	 on	
the existing above-ground biomass (AGB), ac-

Figure 5.	Map	of	annual	fire	probability.	Source:	Alcasena	et al. (2018).

Table 9. Combustion factors as a function of expected intensity (De Santis et al., 2010) and CO2 
emission factors (Miranda et al., 2005), by vegetation type

Vegetation type

Combustion factor (CF) (% biomass consumed) CO2 emission factor2 
(EF) (tCO2tms-1)fire	severity

Low 
(CFL < 1.2 m)

Medium 
(CFL = 1.2-2.4 m)

High 
(CFL = 2.4-3.4 m)

Very high 
(CFL => 3.4 m)

Scrub 0.71 0.84 0.89 0.95 1.477
Conifers 0.25 0.47 0.56 0.65 1.627
Boadleaved trees 0.25 0.40 0.48 0.56 1.393

Annual fire probability
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cording to the annual probability considered. 
We assume that, without management, the ex-
pected intensity is high, thus avoiding the need 
to	 determine	 flame	 length,	 as	 the	 simulations	
have been performed under summer weather 
conditions	 (97th	 percentile)	 and	 for	 fires	 lar-
ger than 100 ha 100 ha. This methodology is 
applied to biomass before any measures are 
implemented to estimate what would be burnt 
in the absence of any management. This is a 
conservative	 value,	 as	 it	 only	 considers	 fires	
of a certain size (+100 ha), which produce the 
most emissions, and only emissions in the form 
of CO2 (emissions of other C compounds such 
as CO, methane, particulate matter or black 
carbon, in lower orders of magnitude, are disre-
garded, e.g. CO emission factor = 0.093 tCO/t 
dry matter).

In the managed scenario, it is assumed that 
the	fire's	 intensity	will	be	 lower,	as	 the	silvicul-
tural treatment has reduced the above-ground 
biomass (AGB). Potential emissions from the 
stand are reduced, the intensity being lower 
due to management and the lower biomass 
available,	but	the	probability	of	fire	is	estimated	
to remain the same, as it depends on the initia-
tion	and	spread	of	fires	around	the	stand,	where	

no management measures are taken. The costs 
in CO2 corresponding to management activities 
are already taken into account in the emissions 
from forestry work.

The	 values	 obtained	 reflect	 the	 emissions	 if	 a	
fire	were	to	occur	next	year,	but	the	probability	
of its occurrence is equally distributed over the 
entire recurrence period for the pixel. It must, 
therefore, be multiplied by the annual probabi-
lity	of	fire	at	 that	point	 (recurrence)	and	by	 the	
number of years to be considered in the emis-
sion avoidance project. It is proposed that this 
period should correspond to the number of 
years	that	management	is	effective	in	relation	to	
the	prevention	of	large	fires,	estimated,	on	ave-
rage, to be 8 years, based on expert knowledge 
and data generated in the CPF network of de-
monstration plots.

The impact of management impact (CO2 emis-
sions	 avoided)	will	 thus	 be	 the	 difference	 bet-
ween the likely emissions without management 
and the likely emissions during the years that 
the	forestry	measures	are	effective,	in	the	event	
of	a	fire	according	to	the	recurrence	rate	at	that	
particular location:

Emissions avoided in strategic fire prevention areas

If the stand where measures have been taken is 
intended	to	prevent	large	forest	fires	and	is	part	
of	 the	approved	fire	prevention	 infrastructures,	
or	is	included	in	different	landscape	scale	plans	
(technical plans for forest management and im-
provement, priority protection perimeters, etc.), 
in addition to reducing emissions in the mana-
ged	plot	 itself,	 the	prevention	effect	spreads	to	

the surrounding (untreated) plots. To assess 
this additional impact, the methodology des-
cribed in the previous section can be adapted 
and applied to the area potentially protected 
by this infrastructure. This calculation is, howe-
ver, restricted to cases where the exact area 
protected by the strategic management point 

tCO2 emitted management = (tAGB post-treatment x 
CF (low intensity) x EF)

tCO2 emitted unmanaged = (tAGB pre-treatment x 
CF (high intensity) x EF)

tCO2 fires avoided (stand) = (tCO2 emitted unmanaged - tCO2 emitted managed)	x	Anual	probability	of	firestand x 8 years
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is known, which requires careful delimitation by 
experts and is not always available.

A possible approach to delimiting the protected 
area,	or	the	area	affected	by	the	infrastructure,	
is	to	estimate	the	effect	that	the	measures	taken	
have	on	 the	spread	of	fire	or	on	 the	probabili-
ty of burning in neighbouring areas, the «sha-
dow	effect», which varies according to meteo-
rological conditions, the distribution of fuel in 
the landscape, orography and the location of 
ignition points. Treated plots interact with each 
other,	with	a	synergistic	effect,	but	the	relation-
ship between managed area and lower burn 
probability is not linear in the landscape but 
influenced	by	 the	size/shape	of	plots	and	 their	
spatial distribution. This means that the use 
of	 fire	 simulators	 is	 necessary	 to	 assess	 the	
effects	 of	 preventive	 forest	 management.	 It	 is	
not, therefore, feasible to determine potentially 
protected areas for the whole of Catalonia, as 
it is not computationally possible to simulate 
thousands	 of	 fires	 for	 all	 the	 existing	 strategic	
stands or combinations of them.

The procedure we propose here for estimating 
protected areas is, therefore, not determined 
by ad hoc, but by the procedure proposed by 
Castellnou et al. (2019), where protected areas 
in	 the	highest	 risk	scenario	are	defined	as	 the	
«polygon	of	fire	potential	that	identifies	a	spatial	
unit	in	which	the	action	of	fire	is	expected	to	be	
homogeneous» which, in any case, requires de-
limitation	by	firefighting	experts.

Furthermore, recognising that, beyond chan-
ging	 the	 effects	 of	 fire,	 strategic	 management	
points are, above all, opportunities for extin-
guishing it, we can introduce a change in the 
management scenario in which we assume 
that	the	probability	of	fire	in	a	«protected	area»	
is equal to zero during the 8 years in which the 
silvicultural	 treatment	 applied	 is	 effective.	 If	 a	

strategic	point	 is	managed,	 the	 fire	 is	 stopped	
at that point and the area protected by it does 
not burn, so the likely emissions of the manage-
ment scenario are zero.

In the case on the unmanaged scenario, the 
methodology is applied as described in the pre-
vious	section,	considering	that	a	fire	will	occur	
with an annual probability equal to that of the 
strategic point where forest management is 
applied.

Therefore, the emissions avoided, if a strategic 
point is managed, would be:

The value of the existing above-ground bio-
mass (AGB) in the protected area can be obtai-
ned from the information collected in individual 
or joint forest management plans, or from the 
maps of biophysical variables of trees in Cata-
lonia for 2015-2016 drawn up by the ICGC and 
CREAF, to which we can apply the combustion 
factors	 for	high-intensity	fires	and	 the	average	
CO2 emissions factor according to type of vege-
tation, as shown in Table 8. To avoid the need to 
determine	values	for	different	vegetation	types,	
we can assume an average emission factor for 
any vegetation type of 1.650 tCO2/t, an approxi-
mation frequently used for forested areas in the 
EU (Van der Werf et al., 2017). In this case, an 
average	combustion	factor	 for	high-intensity	fi-
res of 0.63 (CFL=2.4-3.4 m) is also used.

tCO2 avoided fires (strategic point) = tCO2 emitted without manage-

ment protected area	x	annual	probability	of	firestrategic point 
x 8 years

Where: tCO2 emitted without management protect area = (tAGB protec-

ted area x CF (high intensity) x EF)
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Substitution-effect emissions

The use of wood products displaces the use 
of other materials or energy sources, such as 
plastics, concrete, steel or fossil fuels, which 
leave a larger carbon footprint. The substitu-
tion	(or	displacement)	coefficient	measures	the	
difference	 between	 the	 greenhouse	 gas	 emis-
sions associated with the use of wood and an 
alternative	material.	If	the	coefficient	is	positive,	
it means that using wood products generates 
a smaller carbon footprint than using products 
made	of	other	materials.	This	substitution	effect	
is	more	or	less	beneficial	depending	on	whether	
the type of treatment implemented leads to 
lower emissions in the end product, a greater 
substitution	 effect	 and	 lower	 emissions	 during	
the process of extracting the material from 
the forest (Agostini et al., 2013; Martel, 2019). 
When wood is used as a fuel, it emits more CO2 
than gas or oil to produce same amount of heat, 
but less CO2 is emitted in its production.

Valada et al. (2016) carried out an analysis of 51 
comparative studies of wood products and pro-
ducts with equivalent functions made of other 
materials	 to	 calculate	 their	 substitution	 coeffi-
cients. The authors identify a wide range of re-
sults (between -0.7 and 5.1 kg C/kg C), depen-
ding on the life cycle stages and the substitute 
material considered. The average value of the 
substitution	 coefficient	 at	 the	 production	 stage	
is 0.8 kg C/kg C of a wood product, i.e. for every 
kilogram of carbon in wood products that dis-
places products made of other materials, there 
is an average reduction in emissions of about 
0.8	kg.	For	structural	timber,	the	figure	is	1.3	kg	
C/kg C (Valada et al., 2016). Other meta-analy-
ses	of	 the	effect	of	substituting	wood	 for	other	
materials	or	 fuels	mention	coefficients	 ranging	
from 0.59 to 3.47 tCO2eq/m3 wood (Rüter et al., 
2016, Roux et al., 2017).

Other	meta-analyses	 of	 the	 effect	 of	 substitu-
ting wood for other materials or fuels mention 
coefficients	 ranging	 from	 0.59	 to	 3.47	 «Bas	
Carbone» label (CNPF, 2019, based on Valada, 
2016), the volume has been adapted to tonnes 
of product based on a life cycle of 150 years. 
Using the formula proposed by Sathre and 
O'Connor (2010), comparing emissions from 
non-renewable products with those from wood, 
and taking into account the life cycle values of 
Scots pine, which are comparable to other coni-
fers, the following factors are obtained:

• 0.876 tCO2 per tonne of energy product 
replacing diesel,

• 0.599 tCO2 per tonne of pallet product as 
a replacement for disposable plastic pallets, 
and

• 1.069 tCO2 per tonne of structural product 
as a replacement for reinforced concrete 
beams.

The index is calculated by taking into account 
both the emissions generated by the wood pro-
duct and the emissions of the product substitu-
ted, subtracting what is generated from what is 
avoided. In the case of woodchips and diesel, 
all carbon contained in these materials is re-
leased into the atmosphere during combustion 
within the period analysed (100 years). In the 
case of pallets, this depends on the end-of-life 
scenario applied. In the case of wood, it is as-
sumed	that	38%	of	the	product	is	landfilled	and	
a further 32% is incinerated; therefore, 70% of 
the C will return to the atmosphere in the stu-
dy period considered (100 years). In the case 
of plastic, it is assumed that 45% is incinerated 
and therefore only 45% of the C returns to the 
atmosphere	(the	remaining	55%	goes	to	landfill	
and the C it contains does not reach the atmos-
phere in the 100-year period).
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Table 1. Carbon sequestration balance for managed and unmanaged Scots pine forests

Main species SQ ORGEST 
Model Forestry treatment

Carbon balance (t/ha/year)

Managed forests Non-managed 
forests

Management -Non-
management

Pinus sylvestris A Ps01 Sapling thinning 3.55 2.68 0.87
Pinus sylvestris A Ps01 Selective thinning (I) 4.36 2.91 1.45
Pinus sylvestris A Ps01 Selective thinning (II) 3.13 2.60 0.54
Pinus sylvestris A Ps01 Selective thinning (III) 2.63 2.09 0.54
Pinus sylvestris A Ps01 Selective thinning (IV) 2.14 1.59 0.55
Pinus sylvestris A Ps01 Preparatory cutting 0.07 0.01 0.06
Pinus sylvestris A Ps01 Seed cutting 0.11 -0.11 0.22
Pinus sylvestris A Ps01 Final cutting 0.52 -0.39 0.91
Pinus sylvestris A Ps02 Sapling thinning 2.36 2.16 0.20
Pinus sylvestris A Ps02 Low thinning (I) 3.94 3.02 0.92
Pinus sylvestris A Ps02 Low thinning (II) 3.48 2.68 0.80
Pinus sylvestris A Ps02 Low thinning (III) 2.67 1.43 1.24
Pinus sylvestris A Ps02 Low thinning (IV) 1.94 -1.01 2.95
Pinus sylvestris A Ps02 Preparatory cutting -0.12 -0.14 0.02
Pinus sylvestris A Ps02 Seed cutting -0.14 -0.16 0.02
Pinus sylvestris A Ps02 Final cutting -0.03 -0.14 0.11
Pinus sylvestris A Ps03 Sapling thinning 2.71 2.31 0.41
Pinus sylvestris A Ps03 Low thinning (I) 3.86 3.05 0.81
Pinus sylvestris A Ps03 Low thinning (II) 2.78 2.57 0.21
Pinus sylvestris A Ps03 Preparatory cutting 1.16 2.03 -0.87
Pinus sylvestris A Ps03 Seed cutting -0.33 0.82 -1.14
Pinus sylvestris A Ps03 Final cutting 0.05 -0.03 0.08
Pinus sylvestris A Ps04 Selective cutting 2.02 0.70 1.32
Pinus sylvestris A Ps05 Selective cutting 2.16 0.70 1.46
Pinus sylvestris A Ps07 Sapling thinning 3.78 2.73 1.05
Pinus sylvestris A Ps07 Low thinning (I) 4.24 2.82 1.41
Pinus sylvestris A Ps07 Low thinning (II) 4.25 2.37 1.88
Pinus sylvestris A Ps07 Low thinning (IV) 2.82 1.78 1.03
Pinus sylvestris A Ps07 Low thinning (V) 1.71 -0.58 2.30
Pinus sylvestris A Ps07 Preparatory cutting 0.16 -0.15 0.32
Pinus sylvestris A Ps07 Seed cutting -0.20 -0.19 -0.01
Pinus sylvestris A Ps07 Final cutting 0.51 -0.26 0.77
Pinus sylvestris B Ps08 Sapling thinning 1.83 1.84 -0.01
Pinus sylvestris B Ps08 Selective thinning (I) 1.89 1.88 0.01
Pinus sylvestris B Ps08 Selective thinning (II) 1.20 -0.66 1.86
Pinus sylvestris B Ps08 Selective thinning (III) 1.12 -0.72 1.84
Pinus sylvestris B Ps08 Preparatory cutting -0.30 -0.06 -0.24
Pinus sylvestris B Ps08 Seed cutting 0.07 -0.09 0.15
Pinus sylvestris B Ps08 Final cutting 0.49 -0.45 0.95
Pinus sylvestris B Ps09 Sapling thinning 1.37 1.51 -0.14
Pinus sylvestris B Ps09 Low thinning (I) 1.82 1.91 -0.09
Pinus sylvestris B Ps09 Low thinning (II) 1.30 -0.07 1.37
Pinus sylvestris B Ps09 Preparatory cutting 0.27 -0.26 0.53
Pinus sylvestris B Ps09 Seed cutting -0.07 -0.30 0.23
Pinus sylvestris B Ps09 Final cutting 0.05 -0.02 0.07
Pinus sylvestris B Ps10 Selective cutting 1.13 0.76 0.37
Pinus sylvestris B Ps11 Sapling thinning 2.07 1.35 0.72
Pinus sylvestris B Ps11 Low thinning 1.87 1.44 0.43
Pinus sylvestris B Ps11 Low thinning 1.69 1.33 0.36
Pinus sylvestris B Ps11 Low thinning 1.08 -0.19 1.27
Pinus sylvestris B Ps11 Preparatory cutting -0.11 -0.09 -0.02
Pinus sylvestris B Ps11 Seed cutting 0.04 -0.08 0.12
Pinus sylvestris B Ps11 Final cutting 0.29 -0.41 0.70
Pinus sylvestris C Ps13 Sapling thinning 0.87 0.81 0.05
Pinus sylvestris C Ps13 Selective thinning (I) 0.90 0.91 -0.01
Pinus sylvestris C Ps13 Selective thinning (II) 0.66 0.73 -0.07
Pinus sylvestris C Ps13 Selective thinning (III) 0.59 -0.70 1.29
Pinus sylvestris C Ps13 Preparatory cutting 0.14 -0.06 0.20
Pinus sylvestris C Ps13 Seed cutting 0.11 -0.06 0.17
Pinus sylvestris C Ps13 Final cutting 0.14 -0.54 0.67
Pinus sylvestris C Ps14 Selective cutting 0.55 0.33 0.23
Pinus sylvestris C Ps15 Sapling thinning 0.87 0.70 0.17
Pinus sylvestris C Ps15 Low thinning (I) 0.67 0.80 -0.13
Pinus sylvestris C Ps15 Low thinning (II) 0.76 0.81 -0.05
Pinus sylvestris C Ps15 Low thinning (III) 0.68 -0.55 1.23
Pinus sylvestris C Ps15 Preparatory cutting 0.16 -0.06 0.22
Pinus sylvestris C Ps15 Seed cutting -0.02 -0.08 0.05
Pinus sylvestris C Ps15 Final cutting 0.03 -0.46 0.49
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Table 2. Carbon sequestration balance for managed and unmanaged black pine forests

Main species SQ ORGEST 
Model Forestry treatment

Carbon balance (t/ha/year)

Managed forests Non-management 
model

Non-managed 
forests

Pinus nigra A Pn01 Sapling thinning (I) 5.28 3.37 1.91
Pinus nigra A Pn01 Selective thinning (I) 3.51 3.23 0.28
Pinus nigra A Pn01 Selective thinning (II) 2.44 2.68 -0.24
Pinus nigra A Pn01 Selective thinning (III) 1.23 1.30 -0.07
Pinus nigra A Pn01 Preparatory cutting 0.81 0.14 0.67
Pinus nigra A Pn01 Seed cutting -0.02 0.22 -0.24
Pinus nigra A Pn01 Final cutting 0.63 0.06 0.57
Pinus nigra A Pn02 Selective cutting 1.71 1.38 0.33
Pinus nigra A Pn03 Sapling thinning 2.85 3.37 -0.52
Pinus nigra A Pn03 Thinning (I) 2.62 3.08 -0.46
Pinus nigra A Pn03 Thinning (II) 2.37 1.09 1.29
Pinus nigra A Pn03 Thinning (III) 1.29 0.03 1.26
Pinus nigra A Pn03 Preparatory cutting 1.01 0.10 0.91
Pinus nigra A Pn03 Seed cutting -0.03 0.18 -0.21
Pinus nigra A Pn03 Final cutting 0.58 0.04 0.54
Pinus nigra A Pn04 Sapling thinning 2.83 2.73 0.09
Pinus nigra A Pn04 Low thinning 4.26 2.83 1.43
Pinus nigra A Pn04 Preparatory cutting 2.67 2.32 0.35
Pinus nigra A Pn04 Seed cutting 0.56 1.25 -0.69
Pinus nigra A Pn04 Final cutting 0.00 0.28 -0.28
Pinus nigra A Pn05 Selective cutting 1.59 1.38 0.21
Pinus nigra B Pn06 Sapling thinning 2.62 1.79 0.83
Pinus nigra B Pn06 Low thinning (I) 1.98 1.24 0.74
Pinus nigra B Pn06 Low thinning (II) 0.75 -0.13 0.87
Pinus nigra B Pn06 Low thinning (III) 0.05 -0.15 0.21
Pinus nigra B Pn06 Preparatory cutting -0.11 0.06 -0.17
Pinus nigra B Pn06 Seed cutting 0.15 0.09 0.07
Pinus nigra B Pn06 Final cutting 0.54 -0.03 0.57
Pinis nigra B Pn07 Selective cutting 1.41 0.82 0.58
Pinus nigra C Pn09 Sapling thinning 1.39 0.72 0.67
Pinus nigra C Pn09 Low thinning 1.12 0.63 0.50
Pinus nigra C Pn09 Low thinning 0.69 -0.05 0.74
Pinus nigra C Pn09 Preparatory cutting -0.02 0.08 -0.10
Pinus nigra C Pn09 Seed cutting -0.09 0.07 -0.16
Pinus nigra C Pn09 Final cutting 0.02 -0.12 0.14

Table 3. Carbon sequestration balance for managed and unmanaged Aleppo pine forests

Main species SQ ORGEST 
Model Forestry treatment

Carbon balance (t/ha/year)

Managed forests Non-management 
model

Non-managed 
forests

Pinus halepensis A Ph01 Sapling thinning 5.55 3.86 1.69
Pinus halepensis A Ph01 Mixed thinning 3.39 3.77 -0.38
Pinus halepensis A Ph01 Low thinning (I) 1.69 1.64 0.05
Pinus halepensis A Ph01 Low thinning (II) 0.73 -0.42 1.15
Pinus halepensis A Ph01 Seed cutting -0.09 -0.09 -0.01
Pinus halepensis A Ph01 Final cutting 1.48 -0.01 1.48
Pinus halepensis A Ph02 Sapling thinning 2.85 3.77 -0.92
Pinus halepensis A Ph02 Mixed thinning 2.08 3.30 -1.23
Pinus halepensis A Ph02 Low thinning 1.20 -0.32 1.52
Pinus halepensis A Ph02 Seed cutting -0.12 -0.02 -0.11
Pinus halepensis A Ph02 Final cutting 1.61 0.14 1.48
Pinus halepensis A Ph03 Sapling thinning 4.67 3.87 0.80
Pinus halepensis A Ph03 Mixed thinning 3.51 3.62 -0.10
Pinus halepensis A Ph03 Seed cutting -0.39 0.65 -1.04
Pinus halepensis A Ph03 Final cutting 1.41 -0.06 1.47
Pinus halepensis B Ph05 Sapling thinning 2.20 1.64 0.55
Pinus halepensis B Ph05 Mixed thinning 1.28 1.49 -0.21
Pinus halepensis B Ph05 Low thinning 0.98 0.97 0.01
Pinus halepensis B Ph05 Seed cutting -0.26 -0.08 -0.18
Pinus halepensis B Ph05 Final cutting 0.48 -0.07 0.54
Pinus halepensis B Ph06 Sapling thinning 2.08 1.64 0.43
Pinus halepensis B Ph06 Mixed thinning 1.03 1.45 -0.42
Pinus halepensis B Ph06 Seed cutting -0.07 1.20 -1.26
Pinus halepensis B Ph06 Final cutting 0.60 0.98 -0.38
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Table 4. Carbon sequestration balance for managed and unmanaged holm oak forests

Main species SQ ORGEST 
Model Forestry treatment

Carbon balance (t/ha/year)

Managed forests Non-managed 
forests

Management -Non-
management

Quercus ilex A Qii01 Selective cutting 1.28 0.51 0.77
Quercus ilex A Qii02 Selection of shoots 2.15 1.26 0.88
Quercus ilex A Qii02 C. to encourage regrowth 3.81 1.09 2.72
Quercus ilex A Qii03 Selection of shoots 2.74 1.22 1.52
Quercus ilex A Qii03 Thinnings (I) 3.84 1.18 2.66
Quercus ilex A Qii03 Thinnings (II) 0.50 -0.98 1.48
Quercus ilex A Qii03 C. to encourage regrowth 3.85 -0.14 4.00
Quercus ilex B Qii04 Selective cutting 0.76 0.20 0.56
Quercus ilex B Qii05 Selection of shoots 1.30 0.32 0.98
Quercus ilex B Qii05 C. to encourage regrowth 2.40 -0.21 2.62
Quercus ilex B Qii06 Selection of shoots 0.99 0.32 0.66
Quercus ilex B Qii06 Thinnings (I) 3.82 -0.21 4.03
Quercus ilex B Qii06 Thinnings (II) 0.46 -0.51 0.96
Quercus ilex B Qii06 C. to encourage regrowth 2.46 -0.17 2.62
Quercus ilex C Qii07 Selection of shoots 0.92 -0.34 1.26
Quercus ilex C Qii07 Thinnings (I) 1.08 -0.20 1.27
Quercus ilex C Qii07 Thinnings (II) 0.82 -0.26 1.09
Quercus ilex C Qii07 C. to encourage regrowth 0.57 -0.16 0.73
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Table 5. Carbon sequestration by species and time periods

Species
CO2	fixed	per	period	(tCO2/tree)

Year10 Year15 Year20 Year25 Year30 Year35 Year40 Year45 Year50 Year55 Year60 Year65 Year70 Year75 Year80

Abies alba 0.00 0.00 0.01 0.01 0.02 0.03 0.04 0.06 0.08 0.10 0.13 0.16 0.20 0.24 0.29

Acer campestre 0.00 0.02 0.05 0.10 0.17 0.26 0.36 0.48 0.62 0.77 0.94 1.13 1.33 1.54 1.77

Acer monspessulanum 0.00 0.02 0.05 0.09 0.15 0.23 0.31 0.42 0.53 0.66 0.80 0.95 1.11 1.29 1.47

Acer opalus 0.00 0.02 0.05 0.10 0.17 0.25 0.35 0.46 0.59 0.73 0.89 1.06 1.24 1.43 1.63

Alnus glutinosa 0.00 0.03 0.08 0.16 0.27 0.41 0.58 0.79 1.01 1.27 1.56 1.87 2.21 2.57 2.97

Arbutus unedo 0.00 0.02 0.05 0.10 0.16 0.24 0.33 0.44 0.56 0.69 0.83 0.99 1.15 1.32 1.51

Betula pendula 0.01 0.02 0.04 0.08 0.12 0.18 0.24 0.32 0.41 0.50 0.61 0.72 0.84 0.97 1.11

Castanea sativa 0.02 0.07 0.15 0.27 0.42 0.60 0.82 1.07 1.36 1.67 2.02 2.40 2.81 3.24 3.70

Celtis australis 0.00 0.02 0.05 0.09 0.15 0.23 0.33 0.45 0.58 0.73 0.90 1.08 1.28 1.50 1.73

Corylus avellana 0.00 0.02 0.05 0.10 0.16 0.24 0.33 0.44 0.56 0.69 0.83 0.99 1.16 1.34 1.53

Cupressus sempervirens 0.00 0.00 0.01 0.02 0.03 0.04 0.06 0.08 0.11 0.14 0.17 0.21 0.26 0.30 0.36

Eucalyptus globulus 0.03 0.13 0.32 0.61 1.03 1.61 2.35 3.30 4.46 5.86 7.53 9.51 11.80 14.46 17.50

Fagus sylvatica 0.00 0.00 0.01 0.02 0.03 0.05 0.07 0.10 0.14 0.18 0.23 0.29 0.35 0.41 0.49

Fraxinus angustifolia 0.00 0.02 0.05 0.10 0.17 0.26 0.37 0.50 0.64 0.80 0.98 1.17 1.38 1.61 1.85

Fraxinus excelsior 0.00 0.02 0.05 0.11 0.19 0.31 0.44 0.61 0.80 1.02 1.26 1.53 1.82 2.14 2.47

Ilex aquifolium 0.01 0.02 0.05 0.10 0.15 0.22 0.31 0.40 0.51 0.64 0.77 0.92 1.08 1.25 1.44

Juglans regia 0.00 0.02 0.05 0.10 0.16 0.24 0.34 0.46 0.60 0.75 0.92 1.10 1.30 1.52 1.75

Juniperus communis 0.01 0.01 0.02 0.02 0.03 0.04 0.05 0.06 0.08 0.09 0.11 0.14 0.16 0.19 0.22

Juniperus oxycedrus 0.01 0.01 0.02 0.02 0.03 0.04 0.05 0.06 0.08 0.09 0.11 0.13 0.16 0.18 0.21

Juniperus phoenicea 0.00 0.01 0.02 0.04 0.05 0.08 0.10 0.12 0.15 0.18 0.22 0.25 0.29 0.33 0.37

Pinus canariensis 0.00 0.01 0.03 0.05 0.08 0.12 0.17 0.22 0.28 0.36 0.44 0.53 0.62 0.73 0.84

Pinus halepensis 0.00 0.01 0.02 0.03 0.05 0.08 0.11 0.15 0.19 0.24 0.29 0.35 0.42 0.48 0.56

Pinus nigra 0.00 0.01 0.02 0.04 0.05 0.08 0.11 0.14 0.18 0.22 0.27 0.33 0.39 0.46 0.53

Pinus pinaster 0.01 0.03 0.06 0.11 0.16 0.23 0.31 0.41 0.51 0.63 0.76 0.91 1.06 1.22 1.39

Pinus pinea 0.01 0.02 0.04 0.07 0.11 0.17 0.23 0.30 0.39 0.49 0.60 0.72 0.85 0.99 1.14

Pinus radiata 0.04 0.18 0.46 0.93 1.62 2.59 3.87 5.50 7.55 10.04 13.05 16.61 20.79 25.65 31.24

Pinus sylvestris 0.01 0.03 0.05 0.07 0.11 0.15 0.20 0.25 0.32 0.39 0.47 0.55 0.64 0.74 0.84

Pinus uncinata 0.01 0.02 0.03 0.04 0.06 0.08 0.10 0.13 0.16 0.19 0.23 0.27 0.31 0.36 0.41

Platanus hispanica 0.01 0.03 0.07 0.13 0.22 0.32 0.46 0.61 0.79 0.98 1.20 1.44 1.69 1.97 2.26

Populus alba 0.06 0.19 0.41 0.71 1.10 1.55 2.08 2.66 3.29 3.96 4.67 5.41 6.17 6.94 7.73

Populus nigra 0.04 0.14 0.29 0.51 0.78 1.10 1.48 1.90 2.37 2.88 3.42 4.00 4.59 5.21 5.85

Populus tremula 0.05 0.20 0.46 0.84 1.33 1.92 2.61 3.37 4.19 5.07 6.00 6.96 7.94 8.95 9.96

Populus x canadensis 0.05 0.17 0.35 0.59 0.89 1.23 1.61 2.02 2.46 2.92 3.40 3.88 4.38 4.88 5.38

Prunus avium 0.00 0.02 0.05 0.10 0.17 0.26 0.36 0.49 0.63 0.79 0.97 1.16 1.37 1.60 1.84

Prunus spp. 0.00 0.02 0.05 0.09 0.15 0.23 0.32 0.44 0.56 0.71 0.87 1.05 1.24 1.44 1.66

Pseudotsuga menziesii 0.00 0.00 0.01 0.02 0.03 0.05 0.07 0.10 0.13 0.17 0.21 0.26 0.32 0.38 0.45

Pyrus spp. 0.00 0.02 0.05 0.09 0.15 0.22 0.31 0.41 0.53 0.66 0.81 0.97 1.14 1.33 1.53

Quercus canariensis 0.01 0.03 0.07 0.13 0.20 0.29 0.39 0.51 0.64 0.79 0.96 1.14 1.33 1.53 1.75

Quercus faginea 0.00 0.01 0.02 0.03 0.05 0.07 0.10 0.13 0.17 0.22 0.27 0.32 0.38 0.44 0.51

Quercus ilex 0.00 0.01 0.02 0.04 0.06 0.09 0.12 0.16 0.21 0.26 0.32 0.38 0.45 0.53 0.61

Quercus petraea 0.01 0.01 0.03 0.05 0.08 0.12 0.16 0.22 0.28 0.34 0.42 0.51 0.60 0.70 0.81

Quercus pubescens 0.00 0.01 0.03 0.05 0.07 0.11 0.15 0.20 0.26 0.33 0.40 0.48 0.57 0.67 0.78

Quercus pyrenaica 0.00 0.01 0.03 0.05 0.08 0.12 0.17 0.23 0.30 0.38 0.47 0.58 0.69 0.82 0.96

Quercus robur 0.00 0.02 0.04 0.08 0.14 0.21 0.30 0.40 0.52 0.65 0.81 0.98 1.16 1.36 1.58

Quercus suber 0.00 0.00 0.01 0.01 0.02 0.04 0.05 0.07 0.09 0.12 0.15 0.18 0.22 0.25 0.29

Salix alba 0.00 0.02 0.05 0.10 0.17 0.25 0.36 0.48 0.62 0.78 0.96 1.15 1.36 1.58 1.82

Salix atrocinerea 0.00 0.02 0.05 0.10 0.16 0.24 0.33 0.44 0.56 0.69 0.84 1.00 1.17 1.35 1.54

Salix caprea 0.00 0.02 0.05 0.10 0.17 0.25 0.34 0.46 0.58 0.72 0.88 1.04 1.22 1.41 1.61

Sorbus aria 0.00 0.02 0.05 0.10 0.16 0.24 0.33 0.44 0.57 0.71 0.86 1.02 1.20 1.39 1.59

Sorbus aucuparia 0.00 0.02 0.05 0.10 0.17 0.25 0.34 0.45 0.58 0.71 0.87 1.03 1.21 1.39 1.59

Sorbus domestica 0.01 0.03 0.06 0.11 0.18 0.26 0.35 0.45 0.57 0.70 0.85 1.00 1.16 1.34 1.53

Sorbus torminalis 0.00 0.02 0.05 0.10 0.16 0.25 0.35 0.47 0.60 0.76 0.93 1.11 1.31 1.53 1.76

Tilia cordata 0.00 0.02 0.05 0.09 0.15 0.23 0.32 0.44 0.57 0.73 0.90 1.10 1.32 1.55 1.81

Ulmus minor 0.01 0.03 0.08 0.15 0.25 0.37 0.51 0.68 0.87 1.08 1.31 1.55 1.82 2.10 2.39
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2.1 Introduction

The forest-water relationship has been studied 
over time in the framework of forest hydrology, 
mainly	with	the	aim	of	regulating	floods,	preven-
ting erosion and preserving water quality. It is 
only more recently that emphasis has been pla-
ced on the relationship between the area and 
structure of forests and the water resources 
provided by the ecosystem. In Catalonia, suc-
cessive studies (Gallart and Llorens, 2004; Ga-
llart et al., 2011; Gallart et al., 2013) have shown 
how	the	combined	effects	of	climate	change	and	
increased water extraction on water availability 
have	 been	 intensified	 by	 changes	 in	 land	 use	
linked to rural abandonment. In particular, the 
spontaneous expansion of forests over former 
pastures and agricultural land has been identi-
fied	as	a	major	cause	of	the	reduction	of	up	to	
20-30%	 in	 run-off	 into	 rivers	 and	 groundwater	
infiltration	 (blue	 water)	 observed	 in	 Catalonia	
over the last 25 years.

Forest management, by temporarily reducing 
forest	 cover,	 can	 influence	 blue	 water	 supply	
by reducing interception and evapotranspiration 
and	increasing	infiltration	and	run-off	(Yan	et al., 
2012). The reviews available estimate an increa-
se in blue water attributable to thinning of 100-
200 mm/year in the year when action is taken 
and up to 400 mm/year in permanent conver-
sions to pasture (García et al., 2017). However, 
an excessive or drastic reduction of forest cover 
(e.g.	due	to	fire)	can	 lead	to	 increased	erosion	

and consequent loss of water quality; when the 
right balance is achieved, forest management is 
able to supply timber, increase water resources, 
preserve water quality and regulate the seaso-
nal	nature	of	water	flows.	

In Mediterranean forests, where water is key, 
forest	 management	 must	 take	 the	 trade-offs	
between water and vegetation into account; 
this is known as «ecohydrological forest ma-
nagement» (Del Campo et al., 2019). It means, 
among other things, managing forest biomass 
to shape tree-soil-water relationships by modi-
fying tree cover and species composition in line 
with the local balance between water availability 
and consumption. Strategies such as canopy 
opening	through	thinning	of	different	intensities,	
conversion to pasture and tree species selec-
tion	are	considered	to	be	effective	both	in	com-
bating water scarcity by increasing river and 
aquifer recharge, and in increasing resilience 
and adaptation to climate change by improving 
the	 vitality	of	 the	 remaining	 trees	and	 the	effi-
ciency of their use of water (Bart et al., 2021). 
Beyond	 the	 more	 or	 less	 significant	 potential	
impact on the availability of water for human 
consumption,	the	effects	of	forest	management	
on water at the local level may be important for 
the maintenance of aquatic habitats in headwa-
ter stretches, ponds and wetlands that support 
species of great environmental interest.



41

Impact of forest management on water resources

Optimal intensities and strategies for ecohy-
drological forest management vary according 
to the characteristics of the ecosystem and the 
dominant tree species, even within the same 
catchment area or region. The methodology 

presented here focuses on indirectly assessing 
the	impact	of	different	intensities	of	thinning	on	
blue	 water	 supply	 under	 different	 bioclimatic	
conditions.

2.2 Water modelling

Exported water (or blue water) corresponds to 
the	difference	between	the	volume	of	water	from	
precipitation and the volume that the vegetation 
evapotranspires or intercepts in its canopy. 4 
major components of total precipitation can be 
distinguished:

1. The part intercepted by the canopy and 
trunks.

2. The part taken up and evapotranspired by 
vegetation.

3. Water	flowing	downhill	in	the	form	of	direct	
run-off.

4. Sub-surface	infiltration	and	groundwater.

The	first	 two	components	are	used	by	vegeta-
cion (green water) and the second two are what 
we call blue water (FOREStime,  Banqué et al., 
2020).

As part of the LIFE DEMORGEST project 
(2012-2017), the water balance was simulated 
for	 different	 forest	 management	 and	 non-ma-
nagement scenarios, using the GOTILWA+ si-
mulator (CREAF, 2005), which simulates water 
flow	in	a	forest	stand	over	time	under	changing	
environmental conditions, such as those due 
to management or climate change. This model 
was applied to the 5 most common tree species 
found in Catalonia and the period analysed was 
150 years. Overall the results indicated an ave-
rage increase in blue water of 14% in mana-
ged pine forests,	(figure	1).

According to this study, it could be observed 
that the type of management and the site quality 
(an indicator of the productive capacity of a site 

for	a	given	forest	species	and	product)	affected	
this variable, as can be seen in the ORGEST 
models of black pine (figure	1), but the results 
are always favourable compared to unmanaged 
sites.

In 2020, within the framework of the LIFE CLI-
MARK project, and based on the MEDFATE si-
mulator (De Cáceres et al., 2015) the impact of 
management	was	calculated,	applying	different	
silcivultural	regimes,	defined	in	the	SFM	guide-
lines of Catalonia (ORGEST) to several forest 
sites, according to objective and site quality. 
Significant	 differences	 were	 observed	 before	
and after the intervention in terms of water re-
sources released downstream (work carried out 
by De Cáceres in 2019, Summary of simulations 
on CLIMARK forest plots, as part of the LIFE 
CLIMARK project, unpublished). The MEDFATE 
model is a mechanistic stand-scale model that 
measures the water balance by simulating daily 
interception,	 infiltration,	 run-off,	 percolation,	
and evaporation from the soil, and transpiration 
via trees and shrubs. The simulations in these 
stands have been carried out with historical cli-
mate data from the period 1990-2018, applied 
to structural data for each stand, before and 
after intervention. For each year, a calculation 
was	made	of	blue	water	(run-off	and	infiltration)	
and the number of days with water stress, when 
demand for water was greater than the quanti-
ty available (more than 50% per species). The 
application	 of	 different	 procedures	 increased	
the amount of blue water by between 26 and 
367 mm/year (an average increase of 80% in 
the 12 project stands) due to a decrease in in-
terception	 and	more	 infiltration.	 The	 simulated	
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benefit	was	higher	for	more	intensively	thinned	
Scots pine and in areas with higher rainfall.

Through the use of these methods, it was ob-
served that the ORGEST thinning regimes can 
have a positive impact in terms of increasing 
blue water, and work has been undertaken to 
find	 an	 easy,	 transparent	 methodology	 to	 cal-
culate	 the	 benefits	 of	 this	 ecosystem	 service	
at any given time. It should be noted, however, 

that, while gains can be clearly seen in impro-
ved	 soil	 moisture,	 it	 is	 more	 difficult	 to	 detect	
them	in	circulating	flows,	in	benefits	for	springs	
or in increased phreatic zones, especially when 
the impact of management is at the stand scale. 
Generally, when we talk about more blue water 
resources, we do not specify how much of it is 
circulating water.

Figure 1. Example of the results obtained with the GOTILWA+ simulator in various management and non-ma-
nagement scenarios, applying the ORGEST reference models, in a stand ob black pine.
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2.3 Methodology to estimate the impact of management on water 
exported

The methodology developed here is based 
on the study described in the FOREStime re-
port (Banqué et al., 2020) on the evolution of 
ecosystem services in Catalonia over the last 25 
years. In this report, the amount of blue water 
generated in each plot of the Catalan National 
Forest Inventory (NFI) is calculated by using the 
MEDFATE simulator, developed by De Cáceres 
et al. (2015), to compare changes in this varia-
ble between 2 periods separated by 25 years, 
1988-1992 and 2021-2016.

Based on overall water export data (m3/ha and 
year) compiled indistinctly for the 2 periods stu-
died, a new methodology was developed, re-
lating the water export values obtained in the 
NFI plots to environmental variables, such as 
precipitation (P) and potential evapotranspira-
tion (PET), to determine variations by area, and 
relating them to variables involving structure of 
the stand, such as basal area (BA), which is in-
dicative of forest management, and forest type, 

which	 reflects	 the	 different	 responses	 of	 spe-
cies tree to water use.

Concerning environmental variables, the humi-
dity index (HI) is used, based on the P/PET ra-
tio, with values obtained from the Digital Clima-
te Atlas of Catalonia (Meteorological Service of 
Catalonia,	2001).	There	are	different	methodo-
logies for calculating PET. Here we have opted 
for that proposed by Hargreaves and Samani 
(1985), which is the one used in the FORES-
time, report, in order to obtain comparable va-
lues. Both in this methodology and in the report, 
data for P and PET come from the same sou-
rces (from State Meteorological Agency (AE-
MET) stations). A spatial interpolation process 
is carried out on the data to give continuous 
results in the form of a map. However, they are 
obtained	at	different	times	and	via	different	pro-
cesses,	which	may	lead	to	some	differences	in	
values, especially in areas with few stations.



Figure 2. Maps of humidity index (IH) categories for Catalonia according to ranges of angiosperms and gym-
nosperms. 
Source: prepared by the authors based on P and PET values given in the Meteorological Service of Catalo-
nia's Digital Climate Atlas of Catalonia (2001).
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Table 1. Logarithmic regressions to estimate water exported (Y) in m3/ha by value of HI and BA 
(m2/ha) in angiosperms

Group Angiosperms

Forest species Quercus ilex, Quercus suber, Quercus sp, Fraxinus sp, Fagus sylvatica, Castanea sativa, 
Corylus avellana, Acer sp, Alnus glutinosa, Betula sp.

IH 0.4 - 0.8 y = -559.3ln(x) + 2275.4 R2= 0.9419 n= 525
IH 0.81 - 1 y = -812.8ln(x) + 3096.6 R2= 0.9577 n= 452
IH 1.01 - 1.94 y= -1000ln(x) + 4456.1 R2= 0.7375 n= 365

Table 2. Logarithmic regressions to estimate water exported (Y) in m3/ha by value of HI and BA 
(m2/ha) in gymnosperms

Group Gymnosperms

Forest species Pinus nigra, pinus sylvestris, Pinus halepensis, Pinus pinea, Pinus uncinata, 
Abies aba, Larix decidua, Pseudotsuga menziesii

IH 0.32 - 0.65 y = -546.5ln(x) + 1678.4 R2= 0.9212 n= 621
IH 0.66 - 0.8 y = -781.3ln(x) + 2644.8 R2= 0.9569 n= 525
IH 0.81 - 1 y= -682.6ln(x) + 3897.9 R2= 0.8820 n= 521
IH 1.01 - 1.13 y= -920.2ln(x) + 6190.1 R2= 0.8243 n= 352

Methodology for calculating the impact of forest management on ecosystem services: carbon, water and biodiversity
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HI values below 1 indicate that average evapo-
rative demand exceeds average precipitation. 
According	to	the	UNEP-FAO	classification	(Ni-
cholas et al., 1997), a value below 0.65 indica-
tes a dry-sub-humid zone and a value above 
that indicates a humid zone. These thresholds 
have	been	used	to	define	the	HI	categories	con-
sidered, adjusting them in some cases accor-
ding to the sample obtained (n) (values below 
0.65, between 0.66 and 0.8, between 0.81 and 
1, and above 1). As part of this methodology, a 
map	has	been	drawn	up	with	this	classification	
(figure	2).

Regarding structural variables, although the va-
riable most directly related to water use by ve-
getation is the leaf area index (LAI), given the 
difficulty	of	measuring	 it	 and	 its	 limited	availa-
bility, in some practical applications it has been 
replaced by the basal area (BA). This structural 
variable, which is easier to measure and is com-
monly used in forestry, also correlates with LAI. 
For example, Winckler et al. (2010), in a compi-

lation of hydrological studies carried out in Ca-
nada, describe the relationship found between 
BA and water exported, where the water yield 
of a catchment increased by 3 mm for each 
percentage point of BA removed in selective 
cutting. For the analysis, the NFI BA data have 
been grouped into categories at 5 m2/ha inter-
vals (< 10, 10-15, 15-20, 20-25, 25-30, 30-35, 
35-40 and > 40) and separated into two groups, 
angiosperms and gymnosperms.

The	 results	 have	 shown	 different	 logarithmic	
regressions from these two groups, according 
to HI and BA (Tables 1 and 2 and Annexes). In 
angiosperms, HI values below 0.65 account for 
18%	of	the	total	first	sample	(95	plots	between	
0.4 and 0.8). In gymnosperms, they form a dis-
tinct group, a sample of 621 values. In terms of 
HI values above 1, in angiosperms the mean va-
lue is 1.17, with one value reaching 1.94, while 
in gymnosperms the maximum value does not 
exceed 1.13.

2.4 Calculation of the water provision indicator

The impact of forest management on water 
supply	is	obtained	by	calculating	the	difference	
in water exported in an unmanaged scenario 
compared with a managed scenario. Thus, the 
water exported in a forest with a given BA (initial 
BA = unmanaged value) is compared with the 
water exported in the same forest after thinning 
(final	BA	=	managed	 forest	value).	The	values	
(m3/ha and year) are obtained by applying the 
corresponding regression equation, according 
to tree species and HI, to each BA.

However, the new forest structure created is not 
fixed,	but	evolves	over	 time	as	 the	 trees	grow,	
reaching a point at which the initial BA values 

are restored. Here, we consider that this evo-
lution is linear and that the end point coincides 
with the time when it is advisable to intervene 
again in the forest according to the ORGEST 
silvicultural regimes.

Therefore, to obtain the volume of additional wa-
ter generated (m3/ha) as a result of management 
over	 the	whole	period,	 the	difference	between	
the amount of water exported after intervention 
and the amount exported previously is calcula-
ted, and multiplied by half the number in years 
of the period considered (n years/2), since it is 
considered that in the year of intervention (year 
0) the increase will be maximum, while in year n 
(the end of the period) the increase in blue water 
with respect to the initial situations is zero.
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As an example, applying the regressions to a 
pure Aleppo pine forest with a HI of o.66, an 
initial basal area of 24 m2/ha	and	a	final	post-
treatment basal area of 14.4 m2/ha would re-
sult in a gain of 399 m3/ha per year (=39.9 mm 
in	 the	 first	 year).	 If	 the	 period	 assessed	 is	 12	
years, then the overall impact of management 
would be 399 m3/ha*12/2 = 2394 m3/ha total 
(=239.9 l/m2=239.4 mm), representing an ave-
rage of 20 mm/year for the 12 years assessed 
(39.9	mm	in	the	first	year	and	0	mm	in	the	last).

In the case of mixed stands, the regression 
is applied for each species with the data of the 
whole stand, weighted for the % of basal area of 
each	species,	to	obtain	the	final	sum.	When	the	
initial blue water values are negative (a situation 
of water stress), only positive volumes (above 
zero) are considered as blue water generated, 
even if the intervention compensates for pre-
existing water stress.

In the case of plantations, most sources con-
sulted, mainly from Chile and Australia, indicate 
that	in	the	first	years	of	planting	there	is	no	effect	
on	 flow	 rates	 (e.g.	 Prado,	 2015),	 even	 in	 fast-
growing species. It is from the age of 5-10 years 
and	 up	 to	 30-35	 years	 that	 we	 find	maximum	
growth and maximum impact on blue water. A 
review of China and the USA (compiled in Yan, 
2021) suggests average blue water reduction 
values of 10-50 mm/year in semi-arid areas 
(50%) and up to 300 mm/year in humid areas 
(30%), taking into account that they are more 
significant	in	conifers	than	in	broadleaved	trees.	

In the absence of references for slow-growing 
species in Europe, the conservative option be-
low is proposed. It assumes a standard blue wa-
ter reduction at year n (= just before thinning, 
estimated at 15-20 years) as follows:

• For enrichment plantings in already fores-
ted areas (approx. 100 trees/ha in areas al-
ready wooded) assuming a 5% increase in BA 
(1 BA point on an initial BA of 20) = 100 m3/ha 
(=10 mm in years 15-20).

• For agroforestry plantations 
(100	 trees/ha	 in	 crop	 fields)	 =	 250 m3/ha 
(= 25 mm in years 15-20).

• For forest plantations (400-900 trees/
ha on non-forested land) = 500 m3/ha 
(= 50 mm in years 15-20).

The values are approximate and are based on 
the analysis of FOREStime data (from which it 
is estimated that for every 1% increase in BA, 
water consumption increases by 1 to 2 mm [10-
20 m3/ha]) and on the literature available.

The same logic would be applied to these values 
as in the case of thinning, but assuming that un-
til	year	10	there	is	no	effect	on	blue	water	(ac-
cording to the literature), i.e. t10 = zero reduction 
and tn = maximum reduction. To obtain the ove-
rall value of blue water reduction due to planting 
over the whole period considered, the annual 
figure	would	thus	be	multiplied	by	(n-10)/2.



ANNEXES

Logarithmic regressions for water exported, by BA variations and 
Humidity Index, in angiosperms and gimnosperms

47



6000

5000

4000

3000

2000

1000

0
AB<10 10-15 15-20 20-25

y= -559.3ln(x) + 2275.4 
R2= 0.9419

y= -812.8ln(x) + 3096.6 
R2= 0.9577

y= -1000ln(x) + 4456.1 
R2= 0.7375

25-30 >30

IH 0.4 - 0.8 
IH 0.81 - 1 
IH 1.01 - 1.94 
Logarithmic (IH 0.4 - 0.8) 
Logarithmic (IH 0.81 - 1) 
Logarithmic (IH 1.01 - 1.94)

Figure 1. Logarithmic regressions for HI and BA in angiosperms. 
Source:	own	figures	based	on	the	FOREStime studi (Banqué et al., 2020; De Cáceres, 2015)
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Figure 2. Logarithmic regressions for HI and BA in gymnosperms. 
Source:	own	figures	based	on	the	FOREStime studi (Banqué et al., 2020; De Cáceres, 2015).
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3.1 Introduction

Forests are the most biodiverse ecosystems 
on the planet, comprising thousands of species 
from three major groups: animals, plants and 
fungi. Beyond its indisputable intrinsic value, 
forest biodiversity is the basic support for the 
rest of the ecosystem services provided by the 
forest. In relation to climate change mitigation, 
the role of certain species is key to ensuring 
continued CO2, sequestration, through natural 
regeneration (in the case of pollinating insects), 
maintaining soil fertility and tree growth (in the 
case of fungi) or pest control. A biodiverse fo-
rest system is more resilient and resistant to the 
effects	of	climate	change,	as	 it	promotes	diffe-
rent adaptive responses to cope with the uncer-
tainty associated with this change (Messier et 
al., 2019).

According to recent reports, overall forest bio-
diversity shows a certain stability both at Eu-
ropean level (Pötzelsberger, 2021, based on 
EEA 2020, Forest Europe 2020, Maes et al., 
2020 and IPBES 2018 reports) and in Catalonia 
(State of Nature in Catalonia, 2020, IENC). For 
example, there is a stable or increasing trend 
for most forest birds and there are increases in 
the amount of dead wood and the diversity of 
tree species However, rare or endemic species 
do show a more critical or declining state, and, 
in the case of Catalonia, so do species linked 
to open spaces such as scrubland and pastu-

reland. Another question is when the condition 
of forests is analysed using maturity criteria, in 
which case 62% of Catalan forests are in an 
unfavourable position (IENC, 2020), given that 
they are mainly young forests. Within European 
protected areas, forests are considered the ha-
bitat most in need of improvement, and forestry 
activities are still seen as a threat, especially in 
terms of the removal of dead wood and old trees 
or clear-cuttings (EEA, 2020).

The conservation of forest biodiversity can 
be approached on the basis of two strategies: 
the segregation strategy, which distinguishes 
between forests for conservation (or «natural 
evolution») and forests for production (or «ma-
naged» forests), and the integration strategy, 
which provides for the sustainable production 
of multiple goods and services from the same 
forest (Kraus and Krumm, 2013). It is genera-
lly accepted that an appropriate combination 
of the two strategies provides the best habitat 
quality (Krumm et al., 2020). In any case, mana-
ged forests, because of their role as biological 
corridors and because of the area they occupy 
(95% of European forests are considered semi-
natural, with some degree of human interven-
tion), are considered to play a key role in the 
conservation of global biodiversity, which must 
continue to be guaranteed and enhanced in the 
context of climate change (Mauser, 2020).
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Forestry and biodiversity conservation

The biodiversity found in a forest is the result 
of a combination of complex dynamics in which 
disturbances play a fundamental role. Natural 
disturbances	 (storms,	 fires,	 pests,	 etc.)	 affect	
the forest structure and generate a landscape-
scale mosaic of habitats that largely determine 
the plant and animal communities present.

Forestry is an anthropogenic disturbance that 
seeks to accelerate or control processes that 
would naturally take many more years to occur 
(e.g. regulation of competition or regeneration) 
in order to achieve a certain objective such as 
timber production. Through the process of se-
lecting the species and individuals to be felled, 
planted or favoured, forestry not only has an im-
pact on that species of tree but also alters the 
functioning of the forest and the biodiversity it 
supports, given the numerous host-tree asso-
ciations	that	exist	and	the	different	environmen-
tal conditions generated.

Any	 forestry	 intervention	 thus	 has	 effects	 on	
biodiversity, but the degree and direction of the 
impact may vary depending on the intensity and 
type of management (Chaudhary et al., 2016). 

Generally,	 even-aged,	 monospecific	 forests,	
with trees of the same age range, managed by 
clear-felling (which could be associated with 
large-scale disturbances), are generally consi-
dered less biodiverse than those that maintain 
greater heterogeneity and complexity in the 
stand,	with	trees	of	different	ages	and	managed	
by selective cutting, where only a few indivi-
duals are removed at a time and the presence 
of tree cover and regeneration is permanent. 
However, a recent review by Nolet et al., (2018) 
has concluded the opposite, when the analysis 
takes into account a scale larger than that of the 
stand where intervention takes place.

The application of complementary techniques 
grouped under the name of «retention» or «inte-
grative» forestry has been shown to contribute 
to increasing overall diversity, especially that of 
rarer species that require more time to colonise 
a habitat (Kraus and Krumm, 2013; Aggestam 
et al., 2020). These techniques, which can be 
applied in any approach to forestry (Gustafsson 
et al., 2010; 2020), consist of actively maintai-
ning or restoring legacies and other attributes 
of mature forests, such as large old trees, trees 
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with unique features, large dead wood or open 
areas, with the aim of providing continuity in 
forest structure, function and composition over 
generations. Their adaptation to Mediterranean 
sites is currently being tested in the framework 
of the lifebiorgest.eu project.

The objective of this methodology is to quantify 
ex ante the impact that integrative management 
has on forest's capacity to support biodiversity 
in the short term.

3.2 The potential biodiversity index: a quick reliable measure-
ment of a stand's capacity to host biodiversity

In	order	to	assess	the	effect	of	management	on	
total	biodiversity	in	terms	of	cost-efficiency,	the	
potential biodiversity index (IBP) methodology 
was chosen. This is a proxy indicator of the ca-
pacity of a forest to host biodiversity, based on 
the	field	assessment	of	10	key	factors.

The index came originally from France, where, 
since 2008, the CNPF and INRAE have been 
working with it as part of the implementation 
of the French national biodiversity strategy 
(Larrieu and Gonin, 2008; Larrieu et al., 2012). 
Since 2011, they have had a version adapted 
to Mediterranean conditions, which has already 
been	used	 in	 different	 regions	 (Gonin,	 Larrieu	
and Deconchat, 2017). In parallel, in Catalonia, 
the Forest Ownership Centre (CPF) began work 

in 2010 on a biodiversity index (Fernández et al., 
2013), to bring to a close a decade of study into 
forest management and biodiversity in the fra-
mework of the Biodiversity Monitoring Program-
me for the Forests of Catalonia – BIBOCAT. Af-
ter	a	period	of	testing	and	improvement,	the	first	
version of the IBP for Catalonia, compatible with 
international Mediterranean IBP standards, was 
finalised	 in	 2019:	 the	 IBP_Cat	 (Baiges	 et al., 
2019), coordinated by the CPF and the CNPF, 
and	agreed	with	the	different	agents	involved	in	
the management and conservation of forests in 
Catalonia.

The IBP involves observation of 10 key factors  
(Figure 1):	the	first	seven	factors,	which	we	can	
call stand factors (stand IBP), are those whe-

http://lifebiorgest.eu
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re management has most impact. They refer to 
key elements, present in mature forests, which 
have been found to be the attributes that con-
tribute most to greater diversity: large trees, 
dead wood, forest microhabitats, clearings... If 
these elements can be maintained in managed 
forests, their ability to host biodiversity is greatly 
increased, especially for those species that de-
pend on them at some point in their life cycle. 
The last three are the context factors (context 
IBP): the continued existence of the forest, i.e. 
the age of the site as undisturbed forest land 
and the presence of aquatic and rocky environ-
ments in the stand, which have their own speci-
fic	diversity.

For	each	of	these	10	factors	are	defined	different	
states (between little and very favorable to host 

biodiversity) and is given to each one numerical 
value (fron 0 to 5). The application of the IBP is 
to	evaluate	in	the	field	in	which	of	these	states	
falls the studied stand, for each factor, until you 
fet	a	final	overall	score.	The	results	are	given	in	
the form of absolute value of IBP, disaggregated 
into	IBP_rodal	(first	7	factors)	and	IBP_context	
(last 3 factors) and in percentage.

The IBP was originally intended for use by non-
experts to facilitate the integration of biodiversi-
ty conservation criteria in forest management, 
but it also has important pedagogical and mo-
nitoring aspects. Recently, along with payment 
schemes for ecosystem services or environ-
mental impact assessments, it has also been 
increasingly used as a tool to assess the impact 
of forest management on biodiversity. Thus, for 

Figure 1. Factors considered in the IBP methodology. Source: Baiges et al. (2021), adapted from Emberger et al. (2013).
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example, in the voluntary carbon credit market 
developed in France under the «Bas Carbone» 
label (Decree no. 2018-1043, of 28 November 
2018), the IBP is used as an indicator in the ex 
post measurement of forest management inter-
vention	previously	assessed	to	define	the	mea-
sures to be carried out.

The IBP methodology includes a proposal for 
its ex post application to assess the impact of 

a	 specific	 measure,	 based	 on	 the	 combined	
use of the IBP result and the raw data collected 
(Baiges et al., 2021).

What has not been documented is its use in ex 
ante assessments, i.e. in estimating the poten-
tial impact of a given forestry intervention in the 
short and medium term. This is what is propo-
sed in the methodology presented here.

3.3 Estimation of the impact of forestry treatments on biodiversity

The methodology proposed is applicable at the 
stand scale (landscape scale is not considered) 
and focuses on the impact of management on 
the total diversity of species in the stand (not 
rare or threatened species), i.e. ordinary taxo-
nomic biodiversity.

For the ex ante assessment of the impact of in-
tervention on biodiversity, the following two sce-
narios have been considered:

• Integrative management scenario: this 
considers management methods that take 
into account criteria for conserving and 
enhancing	 biodiversity	 in	 the	 definition	 of	
management itineraries. Conservation 
measures are a priority and include the 
identification,	marking	 and	 retention	 of	 ele-
ments that are key to the presence of a mul-
titude of species and particularly of those 
that are not common in managed forests, 
the	loss	of	which	is	very	difficult	to	reverse	in	
the short to medium term: large trees, large 
standing or fallen dead trees, or trees with 
significant	micro-habitats.	Dependint	on	 the	
stand characteristics, additional improve-
ment measures can also be carried out to 
increase the carrying capacity of the stand in 
the short term: the generation of large dead 
wood, standing (maintenance of tall stumps 

or banding) and fallen, enrichment tree plan-
ting and the creation of small openings to fa-
vour	tree	regeneration,	flowering	species	or	
a new stratum. It is assumed that if integrati-
ve forest management is applied, the biodi-
versity carrying capacity of the stand should 
be at least equal to or greater than before the 
intervention.

• Non-management scenario: the biodiversi-
ty carrying capacity of an unmanaged stand 
is assumed to neither increase or decrease 
in the short term, but to remain the same.

The short-term impact of management on bio-
diversity	 is	 estimated	 as	 the	 difference	 bet-
ween the biodiversity carrying capacity of a 
stand where integrative management has been 
applied and that of a stand where no mana-
gement	 has	 been	 applied.	 This	 difference	 will	
be due only to improvement measures, as it is 
assumed that conservation, while an essential 
requirement of integrative management, does 
not	imply	any	difference	with	respect	to	a	non-

Impact on biodiversity= 
=Biodiversity hosting capacitymanaged stand - 
Biodiversity hosting capacityunmanaged stand
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management scenario, where the existing key 
elements would also be conserved1.

The impact expressed as the percentage im-
provement in biodiversity carrying capacity 
due to management, based on the IBP, and is 
calculated as follows:

Where:

IBP_standunmanaged, is the initial IBP_stand diag-
nosis,	carried	out	 in	 the	field	prior	 to	 interven-
tion.

IBP_standmanaged, is the initial IBP_stand value 
(assumed to be maintained because elements 
of value have been retained) to which is added 
the sum of the gains associated with each of the 
imprvement measures proposed by the mana-
ger (gain in IBP points, according to Table 1).

The	IBP	factors	likely	to	be	affected	by	manage-
ment are factors A, B, C, D and G. Although the 
retention of trees with diameters below but clo-
se to the thresholds considered in the IBP may 
increase the value of the E-factor (large trees) 
in the medium term, it is not taken into account 
in the methodology proposed, as it focuses on 
active measures that are easy to quantify.

Likewise, only measures that generate a signi-
ficant improvement in the biodiversity carrying 
capacity of a stand (= change in IBP valuation) 
are considered. In other words, it would exclude 
measures that, although they may improve bio-
diversity quantitatively, do not do so qualitatively 
(for example, if small dead wood is generated 
but	 there	was	 already	 sufficient	 dead	wood	 in	
the stand to guarantee the maximum possible 
diversity of species linked to it, based on the 

1 Conservation measures should be considered when comparing the «integrative» management scenario with a «nor-
mal» management scenario. In this case, we suggest giving more weight to forests where the effort to conserve key 
elements is greater, by applying the ratio of the current IBP_stand value and the maximum possible IBP_stand value (35)..

thresholds established in the IBP). These mea-
sures could be integrated using the raw data as 
a complement to the IBP assessment (e.g. the 
total number of trees banded), similar to that 
proposed in the IBP methodology (Baiges et 
al., 2021), but this has been discarded here to 
simplify calculation and to give more weight to 
the impact on species diversity and less to the 
number of individuals of the same group.

There are two important considerations to bear 
in mind:

• A 0% improvement score does not mean 
that no integrative management has been 
carried out. It indicates that all existing key 
biodiversity elements in the stand have been 
conserved, even if no new ones have been 
generated. The 0% result shows that there 
is	no	significant	difference	between	the	bio-
diversity carrying capacity of a forest that is 
unmanaged and one where integrative ma-
nagement has been applied.

• Estimating the IBP involves an imprecision 
of measurement that has not been taken into 
account in this methodology. It is estimated 
that	the	observer	effect	can	vary	the	IBP	sco-
re	obtained	in	the	field	by	up	to	10%	(Gosse-
lin and Larrieu, 2020).

The maximum improvement in IBP scores that 
could be achieved by management in the short 
term would be 14 points (Table 2) and would co-
rrespond	 to	a	monospecific,	closed	 forest	with	
large trees and no dead wood, where, in addi-
tion to conserving all valuable elements, mixed 
enrichment planting is carried out, a lot of large 
dead wood is generated, standing and fallen, 
and	 small	 openings	 are	 created	 for	 flowering	
plants and new species to colonise. The mini-
mum room for improvement is generally at the 
extremes, either because the score is already 
very high and does not allow for much more 
qualitative improvement or because, when it 

Biodiversity impact 
(% improvement in PBI due to management)= 

=(PBI_standmanaged - IBP_standunmanaged)/ 
PBI_standunmanaged
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Table 1. Estimated gain in IBP factors (Mediterranean region) that are affected by the improvement 
measures implemented

PBI Factors Initial IBP 
score Measure proposed Gain in IBP 

points

FACTOR A 
Indigenous tree species

0
Planting (1)-2 new genera 1
Planting 3-4 new genera 2
Planting 5 or more new genera 5

1
Planting 1-2 new genera 1
Planting 3 or more new genera 4

2 Planting (1)-2 or more new genera 3
FACTOR B 

Diversity of strata 0, 1 New stratum obtained (e.g. by opening up space for 
scrubland) 1

FACTOR C 
Large standing dead wood

0

Generation	≥	1	tree/ha	standing	dead	wood, 
17.5-27.5 cm 1

Generation	≥	1-2	tree/ha	standing	dead	wood, 
≥	27.5	cm 2

Generation	≥	3	tree/ha	standing	dead	wood, 
≥	27.5	cm 5

1

Generation 1-2 tree/ha standing dead wood, 
≥	27.5	cm 1

Generation 3 tree/ha standing dead wood,. 
≥	27.5	cm 4

2 Generation 3 tree/ha standing dead wood, 
≥	27.5	cm 3

FACTOR D 
Large dead wood, fallen

0

Generation	≥	1	tree/ha	dead	wood,	fallen	≥ 
17.5-27.5 cm 1

Generation	1-2	tree/ha	dead	wood,	fallen	≥	27.5	cm 2
Generation	≥	3	tree/ha	dead	wood,	fallen	≥	27.5	cm 5

1
Generation	1-2	tree/ha	dead	wood,	fallen	≥	27.5	cm 1
Generation	≥	3	tree/ha	dead	wood,	fallen	≥	27.5	cm 4

2 Generation	≥	3	tree/ha	dead	wood,	fallen	≥	27.5	cm 3

FACTOR G 
Open spaces

0 Opening/clearing	spaces	for	flowering	vegetation. 
< 5% area 5

2 (when < 1%) Opening/clearing	spaces	for	flowering	vegetation 
< 5% area 3

* Factors E and F	(large	living	trees	and	micro-habitat-bearing	trees)	are	not	affected	by	the	active	management	applied.
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is very low, there are often fewer elements on 
which to base improvement.

For plantations in non-forested areas, the maxi-
mum	gain	 is	5,	 if	5	different	genera	of	species	
are planted, and the minimum gain is 0, if only 
1 species is planted, which would not happen in 

integrated management (mixed plantations are 
always recommended).

Generally, the percentage improvement due to 
management will not exceed 100% except in 
very low initial IBP scores (< 13 points), where 
the margin for improvement is high.

Table 2. Maximum achievable gain through the implementation of active biodiversity enhancement 
measures, according to the initial carrying capacity of the stand (in IBP points)

Value IBP_stand initial 
(IBP points)

Maximum achievable score IBP_stand 
(IBP points)

Maximum gain 
(IBP points)

0 (forestation) 5 5
0 12 12
1 12 11
2 12 10
3 12 9
4 12 8
5 12 7
6 12 6
7 12 5
8 20 12
9 20 11
10 20 10
11 25 14
12 25 13
13 26 13
14 26 12
15 26 11
16 30 14
17 30 13
18 30 12
19 30 11
20 30 10
21 35 14
22 35 13
23 35 12
24 35 11
25 35 10
26 35 9
27 35 8
28 35 7
29 35 6
30 35 5
31 35 4
32 35 3
33 35 2
34 35 1
35 35 0
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