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Abstract

This paper provides an innovative approach to assggarbon sequestration in sweet
chestnut coppice taking into account the importaotearbon fluxes in the whole
forest-industry value chain in the mitigation ointhte change. The goals of this study
were: to evaluate the baseline carbon capture eeswhestnut forest in the north of
Spain; to assess the effect of thinning and extendne rotation period on carbon
storage; and to evaluate the substitution effeaisifig sweet chestnut products as an
alternative to other materials. The CO2FIX modet waed to estimate carbon content
in different forest components: aboveground andweiound biomass, soil and wood
products, under five different thinning and rotatiecenarios. Model parameterization
as a function of stand age was carried out usiog/fr data, climate data, litterfall rates,
sawmill processing data, and data on the lifespaproducts and their final end.

Sawmill efficiency was measur&adsitu using the Lumber Recovery Factor.

The scenarios in which only one thinning was magsulted in more total carbon
accumulating than the baseline, especially whemthgears rotation was increased by
20 years. In contrast, scenarios involving two riimg did not even reach the baseline
value of total carbon. Additionally, a positive iegt on GHG emissions was found for
using wood to substitute other materials, i.e. cenaad fossil fuel. Taken together,
these results highlight the sustainability of thinghand rotation treatments in terms of
carbon storage in sweet chestnut coppice, and ifjaaht supports the environmental
benefits of the substitution effect of sweet chestmood products. As such, it provides
valuable information for forest managers and poliogkers who wish to address

climate change mitigation in forest managementrptamn
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Introduction

Tackling climate change has become a major congeam international level because
despite efforts to create mitigation policies, giemuse gas (GHG) emissions have
continued to rise (IPCC, 2014). As a consequermest management has become a
political priority, due to its potential influende this respect (Lippke et al., 2011).
Currently, about 90% of forests in industrializexdiotries are managed. In Europe more
than 80% of forests are sustainably managed (FA@,0R meaning that forest
management can make a significant contribution eéducing the effect of carbon

emissions (Groen et al., 2006).

While the principal forest management techniquestoring carbon and thus mitigating
atmospheric C@involves afforestation or reforestation (Machatlale 2015), it is also
important to take into account the management cftiag forests. Forests are highly
complex systems and are influenced by numerousrettand internal factors which
need to be considered when developing differentagwable management strategies in
different forest types and regions. Knowledge & darbon cycle in forest dynamics
facilitates an understanding of forest carbon pdsng and dead biomass, soil and
wood products) and enables the estimation of thkeocastocks and stock changes in
and between carbon pools (Pérez- Cruzado et dl2;Ruiz-Peinado et al., 2013). At
the same time, there exists a variety of possiitcsltural management alternatives,
and the suitability of each in a given situatiopeleds on many variables, such as type
of harvesting, length of rotation period or treee@ps composition (Alvarez et al.,
2014). Thus it is essential to evaluate the efdée&ach alternative, in various situations,
on carbon storage and so achieve a practical aafistre assessment of each

alternative’s (potential) role in mitigating clineathange.
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As regards the forest carbon pools mentioned abtbwve storage of carbon in wood
products is the least studied aspect of this fi€@dspite this, some authors have
highlighted the fact that the carbon stored in waad wood products offers a valuable
strategy for mitigating climate change (Bravo et 2008a), particularly when it is not
only the forest system but rather the whole fonedtistry value chain which is
considered. Carbon stored in wood products is hatd the end of the item’s useful
life, but at the same time, sustainably manageesstsrregenerate and thus, through the
increase in forest biomass, they go on to sequestee carbon (Karjalainen et al.,
1994). The length of time the carbon is stored ddpeon the type of wood product
(short-, medium- or long-term), its disposal (lahdfecycling or energy production)
and the efficiency of the sawmill processes. Thapction of more long-term products
can help increase the global amount of carbon @gt@iennigar et al., 2008), and hence
in recent years, some researchers have begunus @wcwood products in this respect
(Martel, 2010; Fortin et al., 2012; Proft et al008). Furthermore, if the “substitution
effect” of wood as a material is taken into consatien (i.e., using wood products in
place of other materials which are more energynsite to produce, like concrete or
fossil fuel), the amount of GHGs emitted into thenasphere could be considerably
reduced (Gustavsson and Sathre 2011). Howevehenepproach is included within
the Kyoto Protocol, despite the fact that almos¥88&f wood removals correspond to
roundwood, according to the Food and Agriculturgddization of the United Nations

(FAO) report on the evaluation of the Global Fofessources (2010).

To explore how the different forest managementaétieves influence carbon stores in
a forest, researchers have relied on model projestof the biomass-soil-product chain
in managed forests for different broadleaf and feonspecies (Alvarez et al., 2014;

Bravo et al. 2008b; Lizarralde et al., 2008; Masstral., 2003; Nabuurs and Schelhaas,
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2002; Pérez-Cruzado et al., 2012), and thus pramibeopriate tools to assist managers
in decision making and policy development. Howevenst of these studies focus
principally on conifers and not on hardwood specksthermore, despite the latter
having wide distribution ranges in the area, thayehbeen little studied in Europe. A
good example is the sweet chestritaganea sativa Mill.) (EUFORGEN, 2009), which
has long played an important economic role in maangopean countries (Conedera et
al., 2004). In fact, in France, improved forest aggment practices were recently
evaluated to estimate the carbon balance and thercatorage (both in the forest and
wood products) of this species (Martel, 2010). lartNern Spain, sweet chestnut is
particularly important in construction due to iteog characteristics as a structural
material and there is currently considerable irdiene improving its management as a
forestry resource. Hence, the study and evaluatiorew forest management strategies
Is essential, not only to improve the managemeit @onomic potential of sweet
chestnut, but also to quantify its role in mitigaticlimate change through its storage of

carbon in long- and mediunerm products.

The present study, therefore, evaluates the effiedtfferent silvicultural management
alternatives or€. sativa Mill. in Northern Spain. The current chestnut cigepstands in
the area are the result of cultural and economangés in the late XVIII century
(Miguelez Menendez et al., 2013). Traditionallyestnut has been widely used for
construction (houses, traditional grain storesjpeatry and furniture, as well as for
fruit and firewood. However, the abandoning of thestands in recent decades
(Martinez-Alonso and Berdasco, 2015), along with #éiibsence of sprout selection in
many of the remaining stands, has resulted in deglaextremely dense, over-mature
and thus unstable stands. To address this probtenregional government of Asturias

(Northern Spain) has launched management initisitiue this species (Alvarez-Vergel
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et al., 2011) based primarily on performing thirgsrat different ages. It is therefore of
great interest to investigate how different regiraged rotations affect both growth and

timber production, and hence carbon storage.

Using the CO2FIX v 3.1 model (Masera et al., 2088helhaas et al., 2004), the main
aims of this study are (1) to quantify the baseforecarbon stored in biomass, soil and
wood products (short-, medium- and long-term) fari@portant forestry species in
Northern Spain i.e. sweet chestnut coppice, (Bviaduate the effect of different forest
management alternatives (thinning intensities atation lengths) on the carbon stored,
compared to the baseline, and (3) estimate thetitutlmn effect of sweet chestnut

products against alternative materials.

Materials and Methods

Sudy Area

The study was conducted in sweet chestnut coppésels Castanea sativa Mill.) in

the north of the Iberian Peninsula, in AsturiasaiSdFig. 1). These stands are located
between 176 and 880 m.a.s.l., with different oagohs and with a slope of between 19
and 75%. The average annual temperature is 10-1&h&€the annual rainfall ranges
from 818 to 1380 mm, with 525-821 mm falling thrbogt the growing season (March
to October). The soil humidity regime is Udic wilufficient soil moisture in the
growing season, except for one month in summer where is drought. The soil has a
sandy loam and/or sandy clay loam texture. In thelysarea, this species occupies
123,549 ha, mainly as coppice (DGCONA, 2003), wath annual total harvested

volume of 24,664 F(SADEI, 2011). Although a single large local compéaransforms
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the great majority of the sweet chestnut wood pcedun Asturias, about 26% of the
harvested volume is processed by a considerablebeuraf small sawmills, the
destination and use of the wood depending on teersiached by the tree. Only a few
of the stands studied had been subjected to mamagewhich was of low intensity and

consisted solely of a final cutting at the endna totation (R=40 years).

To carry out this study, 15 circular plots (15 rdites) were used (Table 1). These plots
are part of the long-terr@. sativa permanent network established and maintained by
CETEMAS (Forest and Wood Technology Research CeiréAsturias (Miguélez

Menendez et al., 2013).

CO2FIX Model

The CO2FIX v 3.1 model (Masera et al., 2003; Sciethet al., 2004) quantifies the
carbon stored in a forest stand, providing infororaebout carbon fluxes and balances
over time. The model also allows simulations foiltiple rotations. Its applicability has
been previously demonstrated for a wide range pblogies of European forests
(Nabuurs and Schelhass, 2002), tropical forestediGet al., 2006), plantations and/or
monocultures (Schelhaas et al., 2004) and cop@ckeglhaas et al., 2004). CO2FIX v

3.1 (ttp://www.efi.fi/projects/casfor/) converts volumetric net annual increment data,

allocation data, turnover rates and forest manageared wood products data to annual
carbon stocks and fluxes. It consists of six maogtubgomass, soil, products, bioenergy,
carbon finance and carbon accounting. In this stodly the first three modules were

used for the evaluations.

Biomass module
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The biomass module estimates the carbon storebmass using the annual volume
increment of stems, branches, leaves and rootaratanortality, competition, forest
management mortality (thinning) and silviculturbbcacteristics to simulate treatments.
The biomass module was parameterized as a funofiatand age. Stem production
(current annual increment, CAl, *ha'yeai’) was obtained from the yield models
developed for sweet chestnut coppice in the stuely €Cabrera, 1998). The calculation
of the carbon stored in stems was carried out uspegific sweet chestnut data and
considering a wood density of 0.584 Mg°mt 12% moisture (Vega, 2013) and a
carbon content of 48.4% (Montero et al., 2005).SEhealues were used for all biomass
fractions (stem, branches, leaves and roots) beaauspecific data exists for values of
carbon in each individual biomass fraction. Themmags growth of foliage, of branches
and of roots were expressed as fractions relabitbe growth rate of the stem biomass
(Schelhaas et al., 2004). In the case of leavedeartthes, the proportion of each was
calculated with the biomass equations developebgéndez-Miguélez et al. (2013)
for this species in Northern Spain. However, duetite absence of root biomass
equations for sweet chestnut coppice, the modetldped for sweet chestnut high
forest by Ruiz-Peinado et al. (2012) in Spain wasduto estimate belowground
biomass. Natural mortality was assessed in allspla years after carrying out the
initial inventory by counting the number of treesigh had died since the inventory
was conducted, and a value of 0.03% obtained Hlise was established as a constant
for the entire rotation length). Management matgalithinning) and competition,
considered in the CO2FIX as factors that modifyr&nir annual increment competition,

were not included in this study due to lack of data

Soil module
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This module describes the decomposition and cadymramics in well-drained soils
following the Yasso model which is used in the CORImodel (Liski et al. 2005).
Briefly, decomposition of litter and harvestingiteges is simulated using basic climate
and litter quality information, and which has beshtown to adequately describe the
effects of climate on decomposition rates of sdvkiter types in a wide range of
ecosystems from arctic tundra to temperate formstistropical. The model depends on
the climatic data of the site studied (sum of théydtemperatures during the year that
are above 0°C, precipitation and potential evapspiation in the growing season),
litterfall rates and turnover (annual rate of miyeof the biomass component) of the
biomass fractions (stems, branches, leaves and)rdSthelhaas et al 2004). The
fractionation rates of woody litter and decompaositirate are determined by
temperature and water availability. The averagmatie data used here were obtained

from the digital climate Atlas of the Iberian Pesuita (Ninyerola et al., 2005).

Leaf turnover was estimated considering that alés fall in 1 year because sweet
chestnut is a deciduous species (value equal tBrBnch turnover was calculated
considering that a value of 0.40 Mgeé carbon was provided to the soil (Patricio et
al., 2012). Stem fraction was evaluated directlg #re trees which had fallen between
the taking of the inventory and the census of dgads were also included. The
contribution of roots to soil was calculated wikte tequation proposed by Dahlman and
Kucera (1965) and tested by Gill and Jackson (268 Qjifferent climatic gradients and

functional plant groups, due to the lack of speciiata for sweet chestnut in the

literature (Equation 1):

Root ¢ _ Annual belowground production (kgha™'year™") 1)
oot turnover = Maximum belowground biomass(kgha=1)

10
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The annual belowground production of root biomass wstimated using the annual
difference in root production from 0-40 years (timta age). This required fitting a
model (Equation 2) that related plot age (t, yeavith root biomass (We, kgha),
estimated with the equation of Ruiz-Peinado et24112). Equation 2 was fitted by non-
linear regression with the NLIN procedure of SASAST (SAS Institute Inc., 2004).
The initial parameters for running the non-lineagression had been previously
obtained by linearizing the non-linear regressiém. addition, the coefficient of
determination (B was calculated. The maximum belowground root lissrvalue used
was that corresponding to the maximum found acatigdots. All data were taken from

the permanent plots used to carry out this study.

Wioot = bg *exp(t*bl) (2)

In the soil module, decomposition of litter and Vet residues was simulated using

basic climate and litter quality information.

Product module

This module tracks the carbon in wood from harwestio processing into various
products to their disposal (Karjalainen et al., 200lasera et al., 2003) and it is based
on a model developed and used before by Karjalagherh (1994). Data were obtained
from the largest local sawmill in the area, mergmpreviously, which processes 74%
of the total chestnut sawn timber production inudists (SADEI, 2011). The products
manufactured from chestnut logs at the sawmill wbeams, planks, poles and

firewood, depending on log size. To evaluate thegrdage of each product produced,

11
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the methodology proposed by Martinez-Alonso andd8&sro (2015) was used. The
logs were painted and numbered to ensure tracgadiring the sawmill processing
(sawing, drying, debarking, planing, optimizingading and sorting). At each stage
products and co-products were weighed and the wlofreach log was calculated. In
the drying process the contraction of the woodraftging was taken into account (4%

in thickness and 7% in width) (Fernandez-Golfin Ahdarez 1998).

The product module distinguishes three categomestie different usage of wood
products and their possible later re-use, each wiithfferent lifespan (options: long-,
medium- and short-term). The lifespan considereddong-term products (beams) was
40 years (Eggers, 2002; Fortin et al., 2012), l&s/éor medium-term products (poles

and planks) and 1 year for short-term products\{food) (Schelhaas et al., 2004).

Total carbon

The CO2FIX model calculates the total carbon asstima of the carbon stored in the
soil and that stored in wood products, making tssumption that the carbon stored in

biomass is subsumed within the category of woodyxts.

Smulated management alter natives

After model parameterization, five different silultural alternatives (scenarios) were
simulated for sweet chestnut coppice (Table 2). flis¢ scenario (baseline scenario)
was the current management of this species in tbdysarea (baseline carbon
sequestration), which consisted of one single Istirvg, set at 40 years, with no
previous silvicultural interventions. The othersaeos simulated were: A) selection of
sprouts at 10 years, one thinning at 15 years angehkt at 40 years (A-TR4o), or at 60

years (A-ThReg); and B) selection of sprouts at 10 years, onenihg at 15 years,

12
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another thinning at 26 years and harvest at 40sy@ThR40) or at 60 years (B-
ThyRs0). Scenarios A-TiRso and B-ThRgo were based on those proposed by Martel
(2010). The relative percentages of harvested vemoldslash were measured in the field
following thinnings (72% and 28%, respectively) dotlowing the final harvest (70%
and 30%, respectively) when rotation was 40 yeéalsen rotation was 60 years, these
data were obtained through consultation with exgpeed forestry experts. For all
scenarios it was assumed that the harvest frastamn0 when selection of sprouts was
made because the tree remained in the forest andlaéish fraction was left on the

ground.

In each scenario, five rotations were simulatedonder to compare how the carbon
content in the stands evolves over time, consigedach of the different proposed
management alternatives in turn. Hence, when ootatvas 40 years the simulation
period was 200 years and when the rotation wase@ésythe simulation period was 300

years.

Substitution effect: wood as alternative material

One important carbon impact is that resulting fritw@ use of wood products in place of
other materials. Hence in this work, material sisdn was calculated by comparing
the lifecycle inventory of the sweet chestnut weodducts evaluated in the simulated
scenarios with those of the most usual alternategerials (Fortin et al. 2012). In this
study, 1 kg C@ m™ of wood product was evaluated and compared wkf COe m>

of the alternative material.

For building products it was assumed that wood wasubstitute concrete, and for
heating purposes that wood biomass would replagsl fluel. The fossil fuel emissions

related to the processing of products were estunaising available lifecycle

13
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inventories. The lifecycle inventories for wood guats of sweet chestnut used in this
study were obtained by Martinez-Alonso & Berdas@016), focusing on forestry
(harvesting practices), haulage and sawmill prongs3hose related to the substitute

material were taken from European LCIs.

Results

Carbon stored in biomass, soil and products

For the baseline scenario, the carbon stored ialtbgeground biomass was 119.75 Mg
C ha', of which 79% was stored in stems (95.08 MgC)h&20.5% in branches (24.61
MgC ha'), and less than 1% in leaves (0.06 MgChYhaThe carbon stored in
belowground biomass was 48.42 MgC'hand that in soil was 131 MgC haThe
turnover considered to establish the soil carbamtesd was 0.06 for stems, 0.021 for
branches and 0.024 for roots. In the latter cdmentodel obtained for the calculation of
root biomass as a function of age had aof0.82, and bothd529369.63 and50.038

were significant with a confidence interval of 95%.

The carbon stored in the aboveground and belowgrdiomass remained constant

over time in all scenarios. However, with one exicgp compared to the baseline, in

the alternative scenarios the carbon stored ifrattions of biomass decreased as the
number of silvicultural interventions increasec thend being much more pronounced
in stems than in other componefitise exception was scenario A1Rao, Wwhere carbon

stored in stems increased significantly comparetatit the baseline and scenario A-

14
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The proportion of wood destined for each produpetgntering the sawmill depended
on the timing and type of selvicultural intervemtiperformed. The largest products
were beams and small beams, which were only olutaafier final harvesting. Poles
were obtained as a result of thinnings, while foed was obtained from both
harvesting and thinning operations. Planks werainbtl after final harvesting and in
some cases also as a result of thinnings. Forrthsupts evaluated, the lumber recovery
factor (LRF) decreased in the following order: ‘wd>pole>small
beam>plank>beam>small plank (Table 3). Note thatetomes the co-products
produced in one stage are the actual products pealdin another stage, for example, a

co-product of beam production is planks, whicmigself a medium-term product.

In all the alternative scenarios considered, tlregrgage of wood designated for better
quality and larger-sized products increased in fthal harvesting compared to the
baseline. As a result, the amount of firewood desed in the following way; baseline >
A scenarios (one thinning) > B scenarios (two tmge). More specifically, in
scenarios A-TiR4o and B-ThRyo the percentage of wood suitable for the manufactur
of long- and medium-term products increased by A#%h35 %, respectively, compared
to the baseline. In the extended rotation scendfiBsyears), the increase was 8.25%

and 10.5%, for one thinning and two thinning scersarespectively.

In terms of long-term products, the carbon stored Wighest in scenario A-TReso (29
MgC hal), values for the rest of the scenarios evaluatidgs25.27 for the baseline,
and 27.59, 23.49 and 25.34 MgC*Har scenarios A-TtRo, B-ThiR40 and B-ThReo,
respectively. The same tendency was observed faliumeterm products, with A-
ThyRso being the highest with 37.39 MgC “h@ompared to the baseline with 28.37

MgC ha' and scenarios A-TRs, B-ThRs and B-ThRgy having 31.76 MgC h§

15
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29.70 MgC h@ and 32.96 MgC hj respectively. However, carbon storage in short-
term products was higher in the baseline than in aihthe alternative scenarios

evaluated (Table 4).

At the end of the simulated period, it can cleasty seen that in three of the four
scenarios the application of thinnings provokedearéase in the amount of carbon
stored in total biomass with respect to the basadinl68 (i.e. amounts of 155, 115 and
145 MgC h&d for scenarios A-TiRs, B-ThRi and B-ThRg, respectively). The
exception was scenario A-TRyo, Where 178 MgChawas stored. This trend was not
however observed in the soil carbon, where thelin@saccumulated more carbon than
in any of the scenarios (131 MgCheompared to 125, 119, 108 and 107 for scenarios
A-ThiR40, A-ThiRgo, B-ThhR40 and B-ThRgo, respectively). The amount of carbon
stored in wood products was higher in the AR, A-Th;Reo and B-ThRgo scenarios
(208, 241 and 225 MgC Harespectively) than in the baseline (197 MgC)haut this

was not the case for scenario B,Rly (195 MgC h&).

Total Carbon

The total carbon stored (above and belowground assnsoil and products) (Table 5)
was 328 MgC hain the baseline scenario and 334 and 303 MdEihacenarios A-
ThiRs and B-ThR4o, respectively (at 200 years) and 361 and 333 MgC in
scenarios A-TiRsp and B-ThRg (at 300 years). Regardless of the management
involved, total carbon stock increased over timeach of the five scenarios evaluated,
scenario A-ThRgo at 300 years being that which stored most carlidrere were
however considerable differences between scenawith respect to the 40 year

16
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rotation scenarios: in A-TRyo, the carbon stored in the baseline was highenduhe
two first rotations but in the third rotation (1%@ars) the amounts were similar, while
in the fourth and fifth rotation (160 and 200 ygaise carbon stored in scenario A-
ThiR40 exceeded the baseline; Meanwhile in the extenoladion scenarios, less carbon
was stored in scenario B-JRy at the end of each rotation than in either thelbaes or
scenario A-ThR4o, while, in contrast, the single thinning scenafeTh;Reo, was that
which stored the most carbon at the end of evatiom (60, 120 and 180 years), due
to the fact that the carbon stored in products akasys higher when only one thinning

was made.

Substitution effect

Emissions avoided corresponded to 879.83 kg.®®' in the case of wood replacing
concrete as a building material, and 2711.92 kg.®O when it replaced gas or oil as a
heating material (Fig 3). The sweet chestnut prtedwonsidered with respect to
building materials were: pole, small beam, plankarn and small plank, and with

respect to heating material, firewood was the @ndduct considered.

Discussion

The comparison of the different simulated scendoosweet chestnut coppice showed
that thinnings modified carbon distribution in tthé&erent elements evaluated: biomass,
soil and products. When one thinning was appliéeéreg was a slight increment in
carbon stock in biomass compared to the baselioeieMer, in the scenarios with two

thinnings there was a decrease in biomass carlook gecreased. This has also been
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observed in other species, both softwood and havdwdund and Schulze, 2006;
Ruiz-Peinado et al., 2014). One factor that coulcbant for this decrease in biomass
carbon relates to the site index, whereby bettatityusites imply greater growth, which
in turn means more carbon storage and hence aeasex mitigation potential of the
stand (Profft et al., 2009). The effect of thinniog the carbon accumulated in the
biomass therefore has less impact in stands witlerbgite indexes due to their higher
productivity (Perez-Cruzado et al., 2012), makihg telatively costly silvicultural
intervention of thinnings in such sites more ecoiralty viable. In stands with lower
site indexes, meanwhile, one way to incentivizeiailtural intervention, and thus
increase carbon storage capacity, could be throlglcarbon being considered as an
ecosystem service (Bravo et al., 2008a). Futurearel is needed to study how the
influence of the site index affects the carbonesioin sweet chestnut coppice in the

region.

This study carries out a full characterization afoa products in the forest-industry
value chain for sweet chestnut coppice. Thinninigsw&d a positive influence on
carbon storage in products, with the exceptioncehario B-ThRgo. The results of the
present study demonstrate that long- and medium-goducts store more carbon than
short-term ones. This may be due to thinning ir@etwns providing better quality
roundwood at final harvesting which can be usedldag-term products (Proft et al.,
2009) to meet potential market demand, and is #rmugmportant issue to consider in
future research. Another factor which influenced msrkey to the results of the products
module is the lifespan assigned to each of theymtsd The globalization of markets
makes the traceability of wood products difficafieaning that in many cases there is an
absence of data on their longevity (Larson et24l12). There is great variation in the
lifespan periods which can be attributed, e.g.,dé@nition of long-term products may
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range from 20 to 50 years, medium-term productsnfrtO to 20, and short-term
products from 1 to 2 (Karjalainen et al., 1994;fRret al., 2009; Perez-Cruzado et al.,
2012). Moreover, since silviculture also affects thiespan of harvested products, the
further development of this type of study is essefior the correct characterization of
products (Miner, 2006). The results presented hedecate that for the long-term
products considered (beams) the most favourablescein terms of carbon stored was
A-ThyReo followed by A-ThR4. The same tendency was observed for medium term
products (poles and planks) with A-Ryo being the most favourable scenario.

However, for short-term products (firewood) theddae was found to be the scenario.

Wood products can in fact have a double mitigaeffgct: on the one hand, through
carbon sequestration in the raw material and onother, by substituting alternative
products (e.g. steel, concrete, fossil fuels €t&ystavsson and Sathre, 2011; Lippke et
al., 2011) which brings about a sustainable redaadim atmospheric carbon. This first
consideration of the substitution effect of sweleeéstnut wood products shows their
potential use, particularly the use of firewoodstdostitute gas or oil in heating. There
are other studies that have also found a positiygact on carbon fluxes, albeit with
other species (Fortin et al., 2012; Lippke, 2011lyrphy et al. 2015; Perez-Garcia,
2005; Petersen and Solberg, 2005; Rgyne et al.)281fll assessment of the impact
of forests on climate change mitigation should atersthe carbon stored in wood
products harvested from stands which are sustainatdnaged, as well as the
substitution effect so as not to underestimatgtiential of the forest sector in the fight

against climate change (Karjalainen et al., 19%9&hiS et al.2011).

The goal of a silvicultural treatment might be tonber exploitation, conservation,

recreational use or storage of carbon, as in tleikwOur results indicate that as far as
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total carbon accumulation is concerned scenarid#Rg is the least viable. Moreover,
the two A- scenarios considered (i.e. a single nimigp) were clearly the best
management option, particularly when the rotati@s wxtended to 60 years (ARao).
Silviculture actions which encourage the increnwriiomass have also been proposed
by entities such as the Verified Carbon Standar@$y2013) as a way to extend the
mitigation potential of forestry exploitations. Bfent European forests have been
analysed to see how the application of long rotatiaffect carbon accumulation, results
indicating that an increment of 20 years in thatioh age increases total carbon stored
in pine forests by between 6 and 13% and in spiwests by 14-67% (Kaipainen et al.,
2004). Our finding that increasing the rotationi@erin sweet chestnut coppice in
Northern Spain is an effective silvicultural managat strategy supports observations
for the same species in France (Martel, 2010), fondsoftwood speciesP{nus

sylvestris, Picea abies) in other European regions like Finland (Liskaét 2001).

This work therefore demonstrates the validity af ®@O2FIX model as a tool to allow
the identification of the mean differences in forearbon stock according to the
different selvicultural managements (thinnings aothtion length) implemented for
sweet chestnut coppice, in line with its provencess in other ecosystems (Alvarez et
al., 2014). This study contributes to assessingdmtelcting differences in carbon stocks
under different forest management operations aacetbre it will help to incorporate
the carbon sequestration issue in the forest mamagfeagenda. Forest managers and
policy makers interested in mitigating climate op@anshould be considering: (1)
lengthening the rotation period by 20 years; (FJuoeng the number of thinnings
implemented; and (3) promoting the use of sweestcld wood products, especially as

woodfuel. These actions will also bring about coddés in terms of rural development,
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especially in those areas where sweet chestnuticasgppave been abandoned because

of their low forestry profitability.

Conclusions

The estimations of carbon sequestration by sweetstoht coppice under five
alternative management scenarios (including baselm this work shed new light on
the effect of different silvicultural managementeahatives on carbon storage in
biomass, soil and wood products. The results retrestl the application of thinnings
altered the total carbon of the system. When thestomanagement was intense (more
than one thinning), a loss of carbon was obsenidd iespect to the baseline. However,
in scenarios where only one thinning was consideee@dmall increase in the total
carbon compared to the baseline was observed,maihcin terms of the carbon stored
in wood products. Also, extending the rotation frgfd to 60 years under this
silvicultural regime would provide a 9.14% increaséotal carbon by allowing greater
growth in biomass and therefore increasing thearadiock of sweet chestnut coppice.
Moreover, a positive effect on carbon storage wasdwhen more wood was available
for the manufacture of long-term products. The fpasieffect on GHG emissions of
substituting materials such as concrete and fasslilwith sweet chestnut is an addition
plus in terms of the mitigation effect of this sjgsc Taken as a whole, the information
in this work with respect to growth and the carlstorage capabilities of this species (in
soil, biomass and products) under different silkimal interventions, and the
evaluation of the substitution effect, providesueddle information about sweet chestnut
management and carbon sequestration which will foegst managers in their planning

and decision making, taking into account the imgartnitigation option.
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Table 1. Stand characteristics of the 15 plots of Castanea sativa Mill. studied.

Siteindex (S1=19 m)*

Av. M ax. Min. SD

Age (years) 35 55 14 124
N (stemsha™) 1903 4315 608 1193
G (m?ha?) 389 527 16.3 112

dg (cm) 185 309 8.4 6.6

Total biomass(Mgha') 1682 2790 583 658

'Reference age=30 years. N=density; G=Basal area; dg=quadratic mean
diameter.



Table 2. Simulated management scenarios (baseline and A-Th;R40, A-ThiRgo, B-ThiR49
and B-ThyR4p) in sweet chestnut coppice.

Harvested
Age M anagement Ny Na . Slash (% in
. Wood (% in
(years) operations (stems’ha)  (stems/ha) volume)
volume)
Basdline 40 Final 1903 - 70 30
scenario harvesting
Scenario 10 Selection of 1903 700 i 100
A-ThiR4 sprouts
15 Thinning 700 325 72 28
40 Final 305 - 70 30
harvesting
Scenario 10 Selection of 1903 700 i 100
A-Th;Reo sprouts
15 Thinning 700 325 72 28
60 Final 305 " 70 30
harvesting
Scenario 10 Selection of 1903 700 i 100
B-ThyR4 sprouts
15 Thinning 700 325 72 28
26 Thinning 325 180 72 28
40 Final 180 - 70 30
harvesting
= , ,
enario 10 Selectionof g5 700 - 100
B-Th,Rgo sprouts
15 Thinning 700 325 72 28
26 Thinning 325 180 72 28
60 Final 180 - 70 30
harvesting

Ny=density before harvesting, N,=density after harvesting.



Table 3. The Lumber Recovery Factor (LRF) of the products studied.

LRF Co-product Co-product Residues

(%) (Plank) (%) (Firewood) (%) (%)
Long-term
products

Beam 37.29 34.19 4.5 24.02

Small beam  40.02 4.32 5.3 50.36
Medium-term
products

Plank  38.38 - 12.89 43.46

Board 20.89 26.85 6.91 37.55

Pole 57.76 - 42.24 -
Short-term
products

Firewood 96.43 - - 3.57




Table 4. Percentage (%) of wood designated to each type of product at each stage

(beams, planks, pole and firewood) depending on the management scenario.

Beam Smallbeam Plank  Small plank  Pole Firewood

(%) (%) (%) (%) (%) (%)
Baseline
scenario
Final
harvesting 32 6 32 6 ) 24
Scenario
A-ThiRy
Thinning - 11 10 - 52 27
Final
harvesting 39 6 39 6 ’ 10
Scenario
A-Th;Reo
Thinning - 11 10 - 52 27
Final 45,25 6 40.25 6 i 75
harvesting
Scenario
B-Th;Reo
12 Thinning - 11 10 - 52 27
22 Thinning - 17 20 - 48 15
Final
harvesting 41.5 6 41.5 6 - 5
Scenario
B-ThyR4
12 Thinning - 11 10 - 52 27
22 Thinning - 17 20 - 48 15
Fnal 45 6 42.5 6 . 3

harvesting




1 Tableb. Evolution of the carbon content in each scenario by rotations and components.

MgC/ha
Years Biomass Soil Products Total
Baseline scenario 40 168 131 88 220
80 168 132 122 255
120 168 131 152 284
160 168 131 176 308
200 168 131 197 328

Scenario A-Th1R40 40 155 126 83 209
80 155 126 122 248
120 155 125 156 282
160 155 125 185 310
200 155 125 208 334

Scenario A-Th1R60 60 178 123 106 230
120 178 122 154 277
180 178 121 191 313
240 178 120 220 340
300 178 119 241 361
Scenario B-Th2R40 40 115 109 70 180
80 115 109 110 219
120 115 108 143 252
160 115 108 171 280
200 115 108 195 303
Scenario B-Th2R60 60 145 111 93 205
120 145 110 140 251
180 145 109 177 286
240 145 108 205 313
300 145 107 225 333
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Fig 1. Distribution of sweet chestnut in Europe and location of the study area.
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Fig 2. Carbon stored in each biomass fraction in each scenario simulated. Homogenous
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rotation was 40 years, the simulation period was 200 years and when the rotation was
60 years, the simulation period was 300 years.



3000

2500

2000

1500

1000

500

Avoided emissions (kg CO,, m3)

Building Heating material

Fig 3. Substitution effect on GHG emissions when replacing traditional materials

(concrete for building and fossil fuel for heating) by sweet chestnut wood products.



Highlights

« Establishment of the baseline of carbon capture in sweet chestnut coppice.

« Assessment of the effect of thinnings intensities and rotation lengths on carbon
storage.

« Simulation of different silvicultural management alternatives (scenarios).

e Evauation of the substitution effect of sweet chestnut products against
aternative materials.



