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Impact of tree retention on wood production, biodiversity
conservation and carbon stock changes in boreal pine forest

Abstract
Tree retention at forest harvesting airas promoing biodiversity by increasng

structural diversity in managed forestar this thesis | have investigated the influence

of tree retention on delivery of ecosystem services (wood production and carbon
storag¢ and dead wood (as a proxy for biodiversity). Furthermore, habitat requirements
of lichens dependent on dead wood were investigateelinvestigationrwas conducted

in 15 Scots pine forest stands with five tree retention levels, in which four categories of
trees were retained at similar proportions: green living trees, girdled trees;uhigh
stumps and cut trees left on the groundeEhcontrol stands were left untouched. This
thesis consists of three studies. In the first, we investigated how tree retention
influences the amount and diversity of dead wood, logging productivity during harvest
and both present and future income lossr fthe landowner (given as discounted
opportunity costs). In the second, we simulated outputs of merchantable wood, dead
wood and carbon stock during a 3p€ar forest rotation period at stand and landscape
scales. At landscape scale, we simulated dead wolwines and carbon stock under
the constraintthat landscape size and merchantable wood production were kept
constant among scenarjoshile retention level and area set aside for conservation
varied. In the third study, we investigated how dead woodstylmev stumps, snags,
logs), wood hardness, wood age and occurrence of fire scarsidldlee occurrence

of dead wooddependent lichens. We found that logging productivity and net incomes
from harvest decreased with increasing retention levmls alsothat volumes and
diversity of dead wood and proportion of undamaged old dead wood increased.
Furthermoreat the stand scal@creased retention levilcreasedotal carbon storage
above and belowround At the landscape scale, differences in carbonkstmd dead
wood input were generally small between the scesavith varying retention levels
andsetaside forest ared.he lichen species composition differed significantly among
the investigated substrates. Masgecies were highly associated with @ldd hard
wood Such woods formed in fireaffected pine forests, but is rare in managed forest.
The findings of this thesis could be used to guide future forest management and
conservation.

Keywords:carbon dead wooghabitat requirement; lichemjne; species richnes tree
growth; tree mortality
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Effekten av att naturhansyn vid avverkning pa virkesproduktion,
biologisk mangfald, och kolférrad i boreal tallskog

Sammanfattning

Syftet med attdmna levande & och att skapadd ved vid avverkningdr gynna
biologisk méngfald genomatt 6ka den strukturella variationen i brukad skog. | dén h
avhandlingen har jag undékt hur naturkinsyn vid avverkning péaverkar
ekosysteméinster (lagring av kol och virkesproduktion) ocldddved (somér en
indikator & biologisk méngfald). Studien genorifdes i 15 tallbeshd med olika
hansynsnider och med fyra kategorier avéatt lamnadei lika stora proportioner:
levande téd, ringbarkade &d, hogstubbar (dvs. & kapade ca. 3 metéwer marken)
och filda trad som &mnades & marken. Tre kontrollbednd lémnades dirda. Denna
avhandling best av tre studier. | dendfsta underskte v hur naturténsynen
paverkade ndngden och diversiteten avod ved, produktiviteten under avverkning
samt indktsforluster ©r marlégaren nu och i framtiden. | den andra studien simulerade
vi virkesproduktion (massaved octégimmer), did ved ochkolforrdd under en
hundrarig omloppstid @ bade besinds och landskapsn& Pa landskapsnis
simulerade vi volymen avad ved ochkolférrdd dar landskapets areal och volym
producerat virke konstanta i alla scenarier, mddmsynsni\d och areal skog avsatirf

fri utveckling varierade. | den tredje studien undkte vi hur typen av dd ved
(stubbar,torrakor, lagor), vedens &dhet ochader, samt eventuella &pav brand
(vedytan 6rkolnad) @verkar Brekomst av lavar. Vi fann att produktiviteten under
avverkningn minskade och igktsforlusten ckade med stigandezhsynsnider men
samtidigtokade volymen och diversiteten aéddved samt andelen oskadddre dd
ved. R besBndsnid ckade kolbrrédet (totalt ovan och under mark) méitad
hansynsnid vid avverkningn. R landskapsni&, nar virkesproduktion Blls konstant
och andeleravsatt skogpch hansynsniva varierades &var skillnaderna i kobirrdd och
dodvedsproduktion sénmellan de olika scenarierna. Artsamntréngen bland lavar
skilde sig signifikant melia de undergkta substraten. Bhga arter var starkt
associerade med gammal ocirchved som bildas i tallskogar som utsatis lirand,
men som &lan bildas idagens brukade skogaResultaten som presenteras i denna
avhandling kan arindas 6r att \égledaframtida skogssitseloch naturérd.

Nyckelord:artrikedom; éd ved; habitatkrav; kol; lavall; tradtillv axt

Forfattarens adress: Francesca Santaniello, SLU, Institutiégnekdlogi, Box 7044,
75007 Uppsala, Sverige
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1 Introduction

The 4" of June 1732 Carl Linnaeusisiting the parish forest of the
Swedishvillage of Lycksele stated:fiThe large forests are desolate and
wasteful, because mmne needs the timber, which falls down and detays
(Agnoletti & Anderson, 2000)Thesetypes of forestsare now rare in
Swedishforest landsapes which are instead dominated by eveaged
standaused for wood productiois a consequenas the fragmentation of
the old growth forest many speciedependent on natural foresttributes
such as old dead woodhave declined (Kouki et al., 2001)If forest
managementoesnot implement measures to promote natural dynamics,
biodiversity will inevitably continue todecline (Kuuluvainen, 2009).his
multidisciplinarythesis aims to fill someof the knowledge gaps reliag to

the sustainable amagement of boreal pine foredbcusing on the
promotion ofbiodiversity by increasig structural diversity

1.1 Natural condition in boreal forest

The boreal forest isne ofthe largest bioneon the planetconstituting
22% of theglobal forested are@eenan et al., 20)5It is characterized by
a mosaic of coniferous and deciduous foredteninated by coldolerant
trees (Brandt2009.

Unmanagedoreal forests are much affected by natural disturbances, such
aswindstorms,pestoutbreaksand fire (Esseen et al., 199 &he extentof
which ranges from minor eventsaffecting individual treesto stand
replacemenfAngelstam & uuluvainen, 2004)Fire is consideredo bethe
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most importantnatural disturbancén boreal forestJohnson, 1992)Fire
intensity vares greatlyfrom standreplacing crown fires to slowly burning
ground fires with low tree mortalityThis, togeter with fire frequency
largely determinedthe structure of theprimeval forest landscapevith
regard tothe successional stageage distributionand sizeof the forest
standg(Niklasson &Granstbm, 2000).Boreal forests are often considered
to be slow systems with lontpsting vegetational successions, which
disturbances can quickly altethus promoing species adapted to early
successionatagegKuuluvainen, 2009).

Fire intervals of 340 years have been documented in Scandinavian pine
stands overthe last fewcenturies, butduring the last 100 yearfre
intervals have increased greatlye tothe inplementation of measures for
fire suppressionEngelmark et al., 1994.inder et al., 1997Niklasson&
Granstbm, 2000; Zackrisson, 1977, 1980 Fire frequencynevertheless
differs between fordstypes.The fire frequency ofboreal pine foress is
higher thanthat of borealspruce forest (Larsen, 199¥, mainly because
pines typically grow on drier sites than sprugearleton & Maycock,
1978).Pine is more resistant to fire than spruce and birch, due to a thicker
bark and a deep root system (@itsev, 2002)Scots pine also tends to
increase production of resin at fire scamsaking it more resistant to
pathogens and thus more longlived (Engelmark, 1999).After a
disturbance, the greater light availabilityinitially promotes species
favouredby sunrexposed conditionsSubsequentlyforestinterior species
may return The stand dynamics pedisturbance @ related to theso
called external and interné&écological memony (Bengtsson et al., 2003).
The external memory is the spexigool in the surrounding area, which
affects the recolonization of the disturbed site, while the internal memory is
the source of surviving species and structural legacies remaining from the
forest befoe the disturbance (LundbergMoberg, 2003).

14



1.2 Forest management

In boreal forests,forest managementfor timber production is the
predominant anthropogeit disturbance regimeForestry has typically
aimed at minimizing the effect of natural disturbansscethese cause
trees to die that otherwise could have been harvestedever, more
recently attempts have been made to emulate the natural disturbance
regime for example by retainingome livingtrees and dead wood on the
clearcuts Franklinet al. 1997Koivula et al. 2014)

Before the late 19 century, the prevailing cutting method in European
foress was selective cutting (Lowenthal, 1956). Withcreasng timber
demand clearfelling was introduced, being a more efficient management
method (Lundmark eal., 2013).Today, in northern Europe, the most
commonmanagement practice is based on the establishment ofageen

and homogeneous stands with a rotation period of ca. 100 y&tes.
clearfelling, a new everaged stands regenerated by soil scarification and
planting. Stands are thinned asdmetimesfertilized. In Sweden today,
most of the seedlings used are containerized and genetiealyanced
through selection, with the main aim of increasing grovete although
geretic variation, vitality, wood quality, resistanc® damage and
adaptaility to climate change are also considerBdunerie, 1997 The
Royal Swedish Academy digriculture and Forestry, 2015Since 1923,
when the first forest inventoiim Swedenwasconducted the total standing
volume has increased by more than 80% (3.1 billigh of which 39%
presently consists of Scots pine, 42% Norway spruce and 12% birch
(Swedish Forest Agency, 2014). On productive forest land, the average
annual growth is 5.4 fiper hectare. Total annual growth is 120 milliofy m
while annual felling is around 80 million *n{Swedish Forest Agency,
2014).

Forest management is often supported by planning tools aimed at
producing forecasts associated to alternative forest management strategies.
Due to the increased demand for wood and other products and services, and
to the concern about global changes artdneaconservation, forest models
able to simultaneously predict the response of different variables (for
example wood production and biodiversity conservation) to specific
treatments, are largely required (Kimmins et al., 1999). Some models
predictng habitat availability (Feltoret al., 201@) and ecosystem services
provisioning (Triviio et al., 2015) are already available.
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1.3 Adaptation of forestry to natural conditions

Forests frequently affected by largeale natural disturbances are often
characterized by an uneven age distributigthin the standsand large
amounts ofdead wood (Kuuluvainen &Aakala, 2011).By contrast
forestry under clearfelling managemengenerate evenagel stands, and
small amounts of dead woodrgeronet al., 1999)During the pastwo
decads, interest in developing forest managemetiategiesaimed at
emulatingthe natural disturbance dynamicssinacreasedBergeron et a).
2004). The type, frequency, spatial extent, and severity natural
disturbancegan be emulated his is done bycontrolled burninggcreation
of dead wood, and tree retention

1.3.1 Tree retention

The primary aim of tree retention is to prot® biodiversity by increasing
structural diversityon the clearcuts (Lindenmayer& Franklin, 2003)and

in the futureforest stands (Kruys et al., 2013This is done byetaining
living trees (green tree retentigmither spatially aggregated alispersed,
and retaining and creating dead wood (Gustafsson et al., ZDth@y. aims
are themaintenancef forestproductivity, nitrogen retenon (Gustafsson et
al., 2010) improving aestheticalalue (Ténnes et al., 20Q4and protecting
the integrity @ aquatic systems by retaining riparian buffer zones (Clinton,
2011).

Retention increases the amount of dead wood in the fartwiee principal
ways First,dead woodnay beatrtificially created at forest cut. Secortke
input of coarsedead woodrom tree mortality becomes higher sirinéng
retainedtrees dig(L6hmus et al., 2013)Third, the destructionof old dead
wood by machinery during logging ieduced (Hautala et al., 2004).
Retentionincursincome losses for landowners, due to reducboth of
harvested timber volumes amd the land area available for future forest
production LeDoux & Whitman, 2006Ranius et al., 2005). Jonsson et al.
(2010)found thatin Swedent is more expensive to retaffcotspine trees
than other boreal tregpeciesdue to their high timber valu@he land area
available for future forest production decreases due ttattiehat retained
treeshamper the growth of the new growing staidf\ing & Jakobsson
2006; Jakobsson &Elfving 2004; Zenner et al., 1998 In addition,
retentionincreass harvesting time per unit volume, due to reduced number
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of harvested trees per processing péklasson et al.1999)and increased
driving distanceswithin standsbecause obbstruction by retained trees.
However, the mgnitude of such productivity losses relative to levels of
tree retention and dead wood creation has not eslnatedHenceone of

the ains of this thesids to asses economic costs and revenues associated
with different tree retention levels, usinglfiesurveys.

1.3.2 Land sharing/land sparing

Land sharing and land sparing reqmat two alternative approache®
combine production with conservati Land sparing reans that production

and conservation areeparated into different stand types, which is
consistent with traditional conservation in forests, where areas asidet

as reserved.and sharing means reduced management intensity or setting
aside some smaller unmanagae@aswithin the production area (Kremen,
2015).Thus tree retentiortan beconsidered as a kind of land sharifmge
relative advantages and disadvantagiekand sharing ersis land sparing
have mostly been discusseth relation to agricultural landscapés.g.
Fischer et al., 2014?halan et al., 20)1but some consideration has been
given to forests (see Edwards et al.,, 2014)n forest landscapesa
combination of both strategiés usuallyapplied. In Sweden and Finland,
land sharing plays a comparatively large rB®x 1). This has however
changed ovetime; protection of forests started earlier than the introduction
of retention forestry (Simonsson et al., 201Ghe reason for this is that
there are few large forest areas of high conservation quality to protect
outside the existing reserves. Thigprachhas been criticized, because if
conservation efforts are evenly distributed over all forest land, there is a
risk that for sensitive species there will insufficient contiguoushabitat
anywhere With a greater emphasis ¢and sparingit is more likely that
there will bea largeenough habitat at least somewhere (Han2&DO).
Thus, increagd land sparing maypromote the surviad of threatened
species (Ranius & Robge, 2011).
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Box 1 Biodiversity conservation in Swedish forest lands

In Sweden, forest owners are responsible for biodiversity consery
efforts at small and medium scale, while the state is responsible for
scale efforts, such as establishing reserves. Currently, 3.6% of forest
protected as national parks catare reserves (Swedish Forestry Agen
2014). Due to their spatially fragmented occurrence and proportio
small area, reserves alone are not sufficient to support forest bty
(Lindenmayer &Franklin, 2002). To complement national parks arndnes
reserves, habitaprotection areas (Svedlund &o6fgren, 2003) ang
woodland keyhabitats have also been established. Land owners
voluntarily set aside land (4.7% of the productive forest land; Swe
Forest Agency, 2014) as part of certificatmgreements. Sweden was @

ation
arge
and is
cy,
nally
er

also
xdish
ne

of the first countries where certification agreements were introduced

(Simonsson et al.,, 2015). Another way to conserve biodiversit
represented by Natura 2000 sites, which commonly consist of
dedicated to the consenti of sites important for particular species (

y is
areas
for

example migratory birds). Furthermore, green tree retention is applied at

almost all cleaccuts as a result of environmental conservation polic
who find their foundation in the Swedish Forestry Actdglines GFS,
1974; 1979; 1993(Simonsson et al., 2015Nowadays, ecording to the
national Forest Stewardship Coun@SC)standard, the minimum numb
of living trees to be retained per hectare is ten (FSC, 2010). Moreove
and snags should beftleand about three living trees per hectare shoul

ies,

, logs
i be

high-cut or girdled.

1.4 Study system

This thesisis based ora field experimentthat took place 2013, in a
boreal pinedominated forest in SwedernThe main aim has beero study
the effects of varying tree retention level drodiversty, wood production
and climate change mitigatiohrbugh carbon storage. Further informati
about the experimeran be found in chapter 3.1.
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1.4.1 Scots pine

The experiment was conducted in Scots pine foré&xtets pine Rinus
sylvestrisL.) is, together with Norway spruc®itea abieqL.), H. Karst),

the predominantree species in European boreal for€Sisndseth2006).

In boreal pine forestmany speciesof lichens, fungi and insectare
associated withburnt wood, or are favoured by the high volumes and
diversity of surexposed dead and dying trems burned areafEsseen et

al.,, 1997) Many such species amnsideredare or threatene(likkanen

et al, 2006) Cohort dynamics, defined as scattered surviving trees in new
generation stands after fire, are naturally much more frequent in pine
forests than in spruce forediSuuluvainen & Aakala, 2011). In today
protected forestdires are rare, and therefoegensetaside forests tentd
diverge fromthe naturalstate (Hedwall & Mikusi@ki, 2015).However,
through retention forestrymanagemenand prescribed burnindi.e. land
sharing instead of land sparingpatural disturbares may bebetter
emulated.

Figure 1 Prescribed burning experimeiiffardsen,Dalarna,Sweden Phota Line B.
Djupstiom.
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1.4.2 Tree retention studies

Tree retention has been studied especially in Northern Europe and Northern
America, butsometimeslso in the Southern hemisphere (Gustafsson et al.,
2012).The effect of tree retention on biodiversityas mostly beestudied

at the stand level and over a short time s¢s¢eFedrowitz et al. 2014;
Gustafsson et al., 2012016 Rosenvald L&hmus,2008.

In Fennoscandid\orway gruceand aspen have been the most investigated
species, while thereave beeriew studies on Scots pine. For example, in a
review by Gustafsson et al. (2016), comparing retained dead wood on clear
cuts with deadvood inside closed forests, not a single study among the 26
reviewed papers obiodiversityhad investigated pine forestadependent

on tree speciedew analyses have been made on the effect of retention
forestry on carbon fluxes, and #eshave mainlyfocused on shotterm
effects Nunery & Keeton (2010) found that podtarvest retention
positively affects carbon sequestratigtiockow et al. (2013)jnvestigaed

the impact of slash and listeee retention on biomass and nutrient cycles,
andfound that Eshretentionwasthe primary factor influencing the carbon
stock.

Since the 1990s, more than 40 experiments have been set up in North
America and Europe to study how cutting can mimic natural disturbances
e.g. by tree retention and prescribed burr{isee Koivula et. al 2014For
instance, n the US, thédEMO (Demonstration of Ecosystem Management
Options) experimenthas assessedhe effects of varying level of tree
retentionon flora, fauna, hydrology and social perception (Aubry et al.,
2009. Also in the EMEND (Ecosystem Management Emulating Natural
Disturbance) experiment in Canadddrk et al., 2004 and in two Finnish
projects FIRE Hamdédnen et al., 2014)and DISTDYN (Forest
management inspired by natural disturbance dymgni€oivula et al.,
2014), the effect®f tree retention and firen flora and fauna have been
studied.

20



1.5 Response variables

Forestsprovide a wide range dfunctions Those ofbenefit to human
wellbeingaredefined aecosystem serviceShesecan bedivided in three
main categoriegorovisioning services, such as timber; regulating services,
suchas global climate regulation; and cultural services, such as recreation
(Carpenter et al., 200950me of these ecosystem serviees relatively
easy tomeasure andlike timber, often have a market pricédn the
contrary, lodiversity is more difficult both to measure ando price
(Stenger et al2009).

In this thesis,| have studied a@ew key measuresthat are important
indicators ofbiodiversity conseration climate regulation angrovisioning

of merchantable wood These are all fundamental aspects of
multifunctional forestsThe aim of naltifunctional forest managemeisto
achieve aalane&d production of different goods arskrvices(Gustafsson
etal.,, 2012).The response variables used in this thesis are described below.

1.5.1 Dead wood

In forests, dead wood is a habitat for many species groups, such as lichens,
bryophytes, fungi and insecdarmon et al.1986). In boreal foresabout
25% ofspecies are dependent on dead wood (Siitonen, 280d )as result
of the decrease in dead wo@mounts many dead woodlependent
organisns are now threatened. Dead watehbendent species are not only
dependent on the quantity but also the quality of deadd (onsdale et
al., 2008;Simila et al., 2003 Svensson et al2016. Created wood may
have different characteristida comparison tonaturally occurring dead
wood, but is neverthelessutilized by large numbers of specieBor
instance, artificiallycreated high stumps (Lindhe et al., 2005) andb
girdled trees (Toivanen &otiaho, 2010) have been found to hamba
speciegich fauna of beetles, andustps are used by many dead wood
dependent lichens (Svensson et al., 2016).
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In old-growth baeal forests, dead wood isainly created by sethinning,
pathogens and disturbances such as storms, fire, and insect outbreaks
(Esseen et gl1997;Niklasson& Granstdm, 2000; Stokland et al2012).

Figure 2 Dead wood rich Scots pine dominated far&uoblatjaure nature reserve,
Sweden. Photo: Francesca Santaniello

By contrastin managed forestsees ardypically harvested before natural
processes creating lagquantities of dead wood takéect. Furthermore,
sincein todays managed forest landscag@e is usuallysuppressed and
salvage lgging carried out after large disturbancts accumulation of
dead woodis restricted As a result, tb volume ofdeadwood with a
diameter > 10 cm in managed boreal forests heen estimated to be only
21 10% of the amount in maral forests (Siitonen, 2001jowever during
the last ten yearslue to tree retentiorkK¢uys et al.,2013)the amount of
dead wood in Swedish production forests has doubled, from 4 fohé&'m
(Skagsdata, 201)7 In pinedominated olejrowth forestsn Fennoscandja
the volumesof CWD vary from 60 to 120 fnha' in the middle and
southerrzones t®0 n? ha' in the northern zone (Siitone2001)

1.5.2 Carbon

Sincethe industrial revolution, the emissiaf CQ, into the atmosphere
caused by the combustion of fossil fuels astthnges inland cover

(Houghton et al., 2012%)as increased (Canadell et al., 2007). Tinisease

in CO; contributedo global warmingBarnola et al., 1991).
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Forestolay a keyrole in the global carbon cycle (Pan et al., 20hbth by
sequestrating COfrom the atmosphere through photosynthesis and by
releasing C@through decay of dead wood and soil respiration (Hadden,
2017). The carbon pool of a forest dependddifferent fadors, such as
climatic conditions, stand age (Hyven et al., 2007) and forest
managementlphnson, 1992Schlamadinger &arland, 199%

Forest management (growth rate, rotation period, and amount of wood
extracted)affects how much carbon is stored imikand vegetation and

how much is released into the atmosphere (Brown et al., 1929&
clearfelling and regeneration, the soil carbon pool decreases for a number
of years until the new stand is establishBeen both stand and soil carbon
increaseqSchulze et al., 2000Management practices that enhance tree
growth, likedamagecontrol, genetic improvementptations optimized for

tree growth and fertilization have a positive impact on carbon
sequestratian

To reduce the emissions of €@nd other greenhouse gasks the
atmosphergethree main forestryrelated strategiesare often considered
First, carboncan be storedn soil and vegetatior{fLal, 2005. Second,
carbon can be stored long-lastingwood productssuch as wooden houses
(Pingoud et al., 2001)Finally, fossiFbased energy and prodsiatan be
replacedwith bioenergyand biebased productsuchas woodMarland&
Schlamadinger, 1997While the efficiency ofthe first two strategies is
recognized, the efficiency dhe latter is still under debate, because its
magnitude depends on the use of the harvested wood (Lundmark et al.
2014), and also becaus®substitue fossil fuels morebioenergyneed to

be producedverthe same landrea(i.e. under spatial restrictiohs

1.5.3 Stand growth and merchantable wood production

A forest stand is considered as a portion of land where vegetation of similar
structure grows under silar site conditions (Oliver &Larson, 1990).
Forest growth is affected ligeegrowth efficiencywhich differs according

to specieslight interception capacity (Linder, 198%ite fertility, stand
characteristicsand climate.

After the establishment of a forest, the net primary production increases
rapidly until the canopy closes (Ryan et al. 200&ubsequently
competitionbetween treesicreases (Gadow et al., 2012) aminestart to
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diedue to seklthinning (Yoda et al. 1963).ree mortality ishigher in dense
stands than in stands with a lower tree densilyyd & Harms, 1986)The

death ofsometrees increases structural diversity in the forest canamy,
consequentlyaffects the microclimatic conditionghat influencethe net
primary production (Vesala et al. 2005).

Forest management tends to hamper the natural dynamics of the stands,
since managementypically aims at promoting the wood quality and the
growth of the trees. Example$ such practiceare thinning Kilsson et al.,
2010, optimization of the rotation length(Newman 2002) and
fertilization (Pettersson & Egbom, 2004; Jacobson & Pettersson, 2010).
Fertilization may increase growth over the short or the long term,
influencing the merchantable wood productiomvhether it operaes on
seedling growth or on the gwth of older trees (Nilsson &llen, 2003).
Increase in production can also be obtained through gdangirovement
(Zobel & Talbert,1984).The effect of green tree retention on the growth of
new seedling and consequently on the production of merchantable wood
has been investigated in faw studies (see for example Elfving &
Jakobsson, 2@), but poor is the knowledge about leteym observations
covering the whole rotatiomperiod, due to thelimited availability of
empirical studies

1.5.4 Costs and revenues

In forest economy, it is important to define the boundaries for the
calculation ofcosts and revenues. Often (as in this thesis), only the costs
and revenues at the stand level are considered, i.e. costs from seed to stump
including harvest and forwarding to the dst roadside. In this context,
costs include the amount of money that needs to be paid for silvicultural
measures, i.e. scarification, regeneration, cleaning, thinning, fertilization
and finally the logging, which also includes conservation measures (e.qg.
high cutting and girdling). Revenues are the price paid for the cut and
forwarded pulpwood and timber at roadside before transptretodustry.

In forest conservation and production, eefficiency is important
(Eriksson, 2016), which means that sosthould be minimized and
conservation/production maximized under given restrictions. Maximizing
production involves silvicultural regimes at the stand level as well as
bucking of the individual trees as raw material, such as for paper or lumber.
Since thdate nineteenth century, economic costs have been calculated and
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separated into, for example, labour costs and investment costs (e.g.
Williams, 1908).More recently, other aspects have beaken into account
such as the economic cost of conservation oreas(Naidoo et al., 2006).
The interest in reducing the impact of forest operations on biodiversity, soil
erosion and water pollution has increaseéhfés, 1996). This has resulted

in a multitude of studies aimed at optimizing the af§itiency while ato
considering environmental aspects (e.gnkkonen etal., 2014; Ranius et

al., 20035.

Financial estimations of forestry investments are typically based on a
collection of actual and future values associated with various aspects,
which in some cases amdt easy to evaluate (Duk(aakyire & Nanang,
2004). Oscillations of the market price lists are good examples. Among the
collection of valid financial estimates, net present value, land expectation
value and opportunity cost are often used. The net presdume is the
economic value of a forest assuming a defined future management regime
at a specific interest rate (in Swedish forestry oftel¥® see Felton et al.
201h) and is calculated by subtracting total discountedscé®m the
discounted revenues. The net present value often includes the land
expectation value, which is the discounted value of the land without trees
subjected to an eternal sequence of identical forest rotations (Faustmann,
1849). The opportunity cost in this context is tiference in net present
values between two management regiliiNghiem & Tran, 2016).

1.5.5 Forest operations

In Europe, logging is generally done using two machines: the single grip
harvester that fed|] delimts and buck the trees into logand the forwader

that transports the wood to the road side (Ringdahl, 2011). The
predominant Nordic harvesting techniqus the cutto-lengthmethodwhere

tree stems are cut into smaller logs at the harvesting site (Nurminen et al.,
2006). The productivity (time consunption per m® of harvested or
transported wood) of the machigers influenced by several factors.
According to Eliasson (1998) these factors can be divided into three main
groups 1) standrelated (e.gterrain comwlitions, stem density, tree siz&)
work-related (e.g. machine type and worker experienaeyl 3) policy
related (e.g. legislation and environmentdi ges).Both the harvester and

the forwarder productivity is influenced by terrain and climatic
characteristics (Samset, 1990), type of hamgsti.e. final harvestingr
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thinning; Axelsson& Eriksson, 1986 Eriksson & Lindroos 2014) and
machinery characteristics (such as size and motor tyjapng tree
related factors, drvester productivity isnainly influencedby the mean
harvestedstem vdume at final felling (Brunberg 2007 Eriksson &
Lindroos 2014) and by a combination of number of harvested stems,
number of retained stemand mean stem volume #tinning (Brunberg,
1997; Eliasson 1998). Forwarder productivity is mostly influenced thg
mean extraction distance to roadside both at final felling and thinhing
also by load cageity and mean stem volume (Brunbe§04 Eriksson &
Lindroos 2014). Giventhe multiplicity of factors influening logging
productivity, it is essential that factors other than those of specific interest
(in this thesis number of retaineddse are controlled for, e.g. by using the
same drivers and same machines across the study sites.

1.5.6 Dead wood dependent lichens

In boreal forestlichens are a species rich group, being found on bark
(corticolous lichens), sail (terricolous lichens), rocks (saxicolous lichens),
and decorticated dead wood (lignicolous lichens) (Boch e2@13). In
forest research, lichens are one of the most camymesed biomonitors,
since many of them are lofiged and havea high habitat specificity
(Nimis et al., 2002) andhus are sensitive to habitat changes (McCune,
2000).

In Fennoscandiabout 40dichen species may occur on wood (Spribille et

al., 2008) Out of theseabout 100are foundonly on dead wood, and are
therefore callediobligately lignicolous (Spribille et al., 2008). Forestry is
consideredto be the most serious threat to this group of lichens (Thor,
1997) owing to the fact that the amounf old living and dead trees
decreased as modern forestry methodeldged during the 20th century
(Berg et al., 1994)Somespecies of deadlood dependent lichens occur in

high abundances on stumps, snags, and to some extent logs, while dead
branches are colonized by only a few species (Svensson et al., 2016). The
decay stage of dead wooalso affecs lichen species ricless and
composition (Bottig & DelLong, 2009; Caruso &Rudolphi, 2009;
Nascimbene et al., 2008yensson et al., 2013).
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2 Aims

The general aim of this thesis is to increase knowledge about the impact of
different levels of tree retention on production of merchantable wood, costs
andrevenues, dead wood amounts and qualities and carbon stock; and to
investigate the habitat requirements of dead wood dependent lichens. Due
to the short time interval between the forest cut and the lichen inventory, it
was not possible to investigate tecific effect of tree retention on lichen
diversity. Therefore, the focus was the identification of theubstrates

they utilized, the availability of which can be promoted through the
creation and conservation of dead wood. My experimental approactowa
vary the level of green trees and dead wood retained, including levels far
higher than those typical in Fennoscandia today. This enabled the
evaluation of different response variables along a tree retention gradient.

2.1 Aims of the papers

|  To asses economic costsevenues and structural diversgtye. dead
wood amounanddiversity) in relation todifferent tree retention levels
using field surveys.

I To compare the production of merchantable wood, amount of dead
wood input and carbon storagover the whole rotation period in stands
with different tree retention levels.

Il To comparethe composition and densitpf dead wood dependent
lichen on different substrates.
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3 Study area

The data were collected in an area around &féar (605829 W, 14 016

5586 &), located in the province of Dalarna, in the southern boreal
vegetation zone (Ahti et al., 1968) of Sweden. The study area comprised
140 ha of relatively homogenous forest dominated by Scots pine with an
agerangeof 120140 yearshbut including some much older trees. Other
tree species present in the area are Norway spruce and birch. The ground
vegetation is dominated by dwarf shrubgaécinium vitisidaea L. and
Vaccinium myrtillusL.) and lichens (among fruticose species, mainly
Cladoniaspp.). The stands were naturally regenerated after a large forest
fire in 1888 and have been managed for wood production, including
thinning during the second half of the 1900s andlifeation in the 1990s.

Figure 3 Location of the study are&ffardsen forest, Dalarna.
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3.1 Experimental design

Fifteen stands, with a mean area of 5 ha, were randomly allotted to different
levels of partial cutting (from very low to total tree retention). In each
stand, we retained four categories of trees: 1) girees, 2) girdled trees 3)
high-cut stumpsand 4) cut trees left on the ground, so that each category
represented about 25% of the total number of retained trees in each stand.
However, within our study plots, the numbers differ between the categories
dueto the random locationf the plots within the stands (see chapter 4 for
further information).In three stands, all trees were retained, and treated as
described above. Three additional stands (control stands) were left
untouchedPrior to harvest, singligees anduter boundaries of tree groups
(typically including 1520 tree} were marked, to prevent theintting. The
spaces betweenet groups varied between stanlsaccordance with the
allotted cutting regimes. If possibleee groupswere selectedn patches
contaning old living trees or largediameter logs, indicating high
conseavation value. In each of thegeoups, half of the trees were left intact
and half were girdled. Correspondingumbers ofcut treesleft on the
groundand highcut stumg were createdutside the groug@doundariedy
cutting trees at ca. 3 m abogeound.Cut trees left on the ground were
often moved into the retention patches to reduce destruction by logging
machines.

s TS s =
Figure 4 Tree retention experiment, Effsenforest. Green living trees, girdled trees,
high-cut stumps a cut trees left on the grounBhota Francesca Santaniello, July

2013
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Figure 5 Stand typesand retention categories in Effaen forest. Examples of: 1)
control stand, where the forest has been left intact; 2) retention treatments, with various
proportions of retained green trees and dead wood, from total retention to very low
retention (the tht grey represents the area dedicated to merchantable wood
production); 3)the fourtreeretention categoried.he number of trees retained per ha
varied from 5 in the lowest retention stand, to 714 in the denser control stand. The
volume of retained deadood varied from 1.6 Aha! in the lowest retention stand, to
40.9 n? hat in the denser high retention statitistration: Francesca Santaniello
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4 Data collection

4.1 Green trees and dead wood

During the summers of 2013 and 2014, green trees andvadsad were
inventoried along one transect consisting of ten 16Gincular plots in

each of 12 retention stands (from very low to high retention, figures 5 and
7, table 1); and in-ba square plots within these 12 stands, plus 3 control
stands. In the citdar plots, we inventoried all gen trees 010 cm
diameter abreast height and dead wood>df cm diamete(paper 1). In the

1-ha square plotshe minimum diameter of deadwood was 10 cm. We
divided deadwood items into categories according to treeespatiameter,
position (standing or lying), bark cover, age, and decomposition stage.
These characteristics have been identified as important predictors for the
occurrence of species confined to dead wood (Berglund et al., 2011; Ranius
et al.,2015). We ao collectedjualitativedataon vegetation and soil type.

The total number of retained standing trees in each stand was counted and
their canopy projection area was estimated using aerial photos taken from a
camera drone

Figure 6 Forest stand with thé-ha square plot and the transect with ten hef0
circular plots each randomly positioned in the stantlustration Francesca
Sananiello
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4.2 Harvesting operations

Logging productivity was measured as ticensumption per unit cut and
forwarded timber volumen 8 stands ranging from very low to high
retention. paper ). We used the doard computers of the harvester and
the forwarder to collect information on logging times and volumes. For
each stand, datan harvester processing times and driving times, forwarder
total times, forwarder mean driving distances (while empty or fully loaded),
and harvested stem numbers and volumes were extracted. For the time
estimates, we usdi>15 time, which includes mache stops shorter than

15 minutes (Anon., 1987). Since harvester processing time is sensitive to
variations in stem volume, the processing performance was normalized to a
mean stem volume of 0.2°nsub per stand, according to functions by
Brunberg (2007). Since forwarding performance is sensitive to variations in
forwarding distance, we used only terminal/landing times, calculated by
subtracting the modelled time for transport at full and emptysl¢derived

from Brunberg, 2004) from the total time.

Figure 7. Effardsen stands. VL= very low retention stands; L= low retention stands:
M= mid retention stands; H= high retention stands; T= total retention stands; C=control
stands. The unmarked standddmg to the experiment, but they were not included in
this study.
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5 Data analysis

5.1 Data analysis

In paper | and IlI,l tested the effect of retention levels on a range of
response variables, while in paperlltestedthe effect of dead wood types
ondead wod dependent lichens (table 1).

Table 1 Focus of the studies antype of standsinvestigated.v = Dead wood
dependent lichens were inventoried in the same stands used in the retention experiment,
but tree retention gradient was not consideredHfepurposes of this study

Studies Lo
Merchantable wood n n
(%]
5 2 Costs and revenues n
e
21
36 Dead wood n n
g e
= Carbon stock n
Dead wood dependent lichens n
% @ From very low to high retention n n v
(@] .
'g 8 Total retention v
(2]
>
c Control n
> Circular plots n n
Lo
§ % Square plots n n
= Stands n n




5.2 Forest model - Heureka

The forest developmemtver the following 100 yearsas predicted in 15
study stands (from very low to high retention sismnd control stands;
figures 5 and7) using Heureka (paper Il). Heureka is a decissupport
system for forest manageirs SwedenWikstrém et al., 2011)Except for

the various levels of tree retention, all harvested stands were assumed to be
exposed to the same managemegtme, consistent with conventional pine
management in Sweden. The following setting was assumed: 2300
containerized seedlings (improved with 10% gain in growth) planted per
hectare after soil scarification; cleaning at year 25 (leaving 2000 stems/ha
with 90% pine and 10% birch); thinning at year 55 (with a thinning grade
of 40% and leaving small trees (diameter <10 cm) intact; and finadgell
(clear cut) at year 100.HE productive areas and the retention areas were
simulated separatelin Heureka forevery stand.Both these areas were
assumed to be covered by exsged growing forest. The area occupied by
retention trees and designated as a competition zone was estimated
assuminga radius of 4 m from the central point of single trees and trees in
small groups. Tis is becaus@eight growth of young trees of Scots pine
has been found to be reduced within a zone of 8 m radius arouwgid sin
retention trees (Elfving &Jakobsson, 2006and Erefur (2010) found
competition zones that reache® ™ into a logged gap from a forest edge.
We assumed that the closest 4 m waspletelyaffected by competition
while there was no effeciver the following 4 mThisis a simplification in
comparson to theabove cited field studiethat revealed a successively
decreasing effect of competition within 8 Mithin the competition zone,
natural ingrowth but no further planted seedlings was assumed. Outside this
zone, regeneration of both planted andtural seedlingsvas assumed
along with management for wood productiofhe area dedicated to the
growth of new seedlings the wholeareanot occupied by tree retention,

and was measured using ArcMap 10.3.1. Site productivity varied among
stands; half bthem had a site index of 19 (dominant height at 100 years of
age), and the other half a site index of 21.

In paper I, the total volume of merchantable wood was simulated every 5
years for a total period of 100 years, using growth functions described and
validated by Fahlvik et al. (2014). The growth functions as well as

functions for tree mortality, biomass and dead wood were all based on
empirical data from the Swedish National Forest Inventory. The tree
growth was speciespecific and determined by &g stand and site
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characteristics. The total wood provisioning resulted from tree growth, tree
mortality, and from the planned cleaning and thinning.

5.3 Merchantable wood production, cost and revenues

In paper |, operation costs for the 2012 harvest waleulatedbased on
harvesting, and transportatitimes forl m* of wood under bark. A two
sided ttest was applied to test the differences in logging operation time of
stands subjected to the low and high retention level treatments. The cost of
retention was calculated as the opportunity cost, defined as the differenc
between the net present value (sum of harvest net income and soil
expectation value) before harvesting with retention or ing by
clearfelling (Zhang &Pearse, 2011). The silvicultural regime was set and
the future harvested volumes calculated bysciting the work package
AINGVARGO (www.skogskunskap.se). Soil expectation values were
calculated using the work packag@es@ndsvab (www.skogskunskap.se)
according to Faustmann (184%ssuming a&2% interest rate. Revenues
were calculated on the base the average value of merchantable wood
(saw logs and pulpwood) according to the Bergvik Skog AB price list of
2012. Future costs included costs for regeneration andopnenercial
thinning according to Brunberg (2012). Costs and revenues were adjusted
for each standh accordance witho the retained area (i.e. the tree canopy
projection area), which was assumed to be set aside in perpetuity.
Harvested wood volume was calculated using data from the harvester and
forwarder machines (year 0), and by calcedatharvested volumes at
thinning (in year 58) and final felling (year 103).

5.4 Dead wood

In paper I, the diversity of dead wood and dying trees was estimated using
the Shannon diversity indeégurran &McGill, 2013 Shannon, 1949

The Shannon divetsi index indicates the species diversity in a system
according to number of species (in our case, types of dead wood) present,
and their frequency. Finally, to evaluate the effect of retention level on the
conservation of old dead wood (age >120 years)estienated the damage
caused by the logging machines on dead wood (% of wood surface
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damaged) and related the proportion of undamaged wood objects to
retention level.

In paper Il, the dead wood input was simulatsthgHeureka, employing

the mortality madel of Elfving (2014) The Elfving model is deterministic
andbased ora singletree modelthat has higher resoluticdhan previous
modelsand is consequentlgble to provide amore realistic output The
volume of dead wood artificially created (hight stumps, logs and low
stumps) at year zero was also assessed, using field data from the square
plots.

In paper Ill, the area of dead wood available for lichen colonization (i.e.,
lacking mosses and Barwas calculated for every circular plot, using the
datacollectedduring the deadvood inventory (paper |). Dead wood was
divided into categories reflecting its quality as a potential substrate for
lichens.

5.5 Carbon stock

In paper Il,the amount otarbonstoredin green trees, dead wood, and soil
was simulated in the retention and control stands. When estimating the
carbon stock, dead wood decomposition was simulated using the function
by Harmon et al. (2000) that follows a negative exponentialydexta, and
decreases with increasing deadwood diameter (Ortiz et al., 2016). The soll
carbon was calculateasing a model (@nodel, Rolff & Agren, 1999) that
simulates the decomposition of soil organic matter and is based on the
continuous quality theorfAgren & Bosattg 199§. According to this
theory, soil organic matter (including both naturally created litter and the
litter originating from thinning and harvesting) is assumed to change
continuously over time due to the activity of decomposesm adantages

with the Q-modelarethat it creates a continuum of littethroughtime and

that it is sensitiveto different climait conditions However,the model
provides biomass fractions on the ba%f basal areaswhile other
characteristis of the subsateor the stand are not taken into consideration.
For example, longerm effectsof changes in soil chemistrgsuch as
nitrogen depositionwhich influences decomposers) are not considered.
Carbon in living trees was calculated using the biomass funsctad
Marklund (1988), applicable for stem, barkranches and needles.
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Functions by Petersson andii8t(2006) were used to calculate the carbon
present in stunrgand roots.

Green trees

Harvested wood

Coarse woody
debris

Soil {fine woody debris, stumps, 7 i
roots, litter and other
organic matter)

Figure 8 Simplisticdiagramof the carborstoredand leaving the system (in the form
of carbon dioxide, C@ and in harvested wood), accordinghe Heurekasystem Fine
woody debris = <10 cm diameter; Coarse woody debris>10 cm diameter
lllustration: Francesca Santaniello

5.6 Landscape scenarios

Outputs from the stanével modelling were used to model different
landscape scenarios (paper IlI). Twelve landscape scenarios were
constructed, which were assumed to be located in the gaographical
region and thus exposed to the same climatic conditions. Each landscape
scenario consisted of a combination of two stand management options in a
100-ha forest area: either cutting with a defined level of retention or leaving
as sefside. In all scenarios, thaitcof merchantable wood during the
following rotation was fixed to 19000 sub per 100 hectares/er 100
years, while the areas harvested anehsate varied. The voluna 19000

m?® sub resulted from the maximum harvest that can be obtained with the
highest tree retention level (165 trees retained per ha) over 100 years. All
landscape scenarios were companedterms of carbon stock anthe
amount of dead wood input. The harvested stands had the same
characteristics as in the stand level simulations wihide setaside areas
were simulated based on values extracted from the control stands. In each
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landscape scenaribarvested and seside stands werpairedaccording to
thar site index which was the same for the harvested and for thasse¢
stands The outcomes of the scenarios wengressedas averages per
hectare over a 16¢ear rotation period.

Figure 9. Composition of the landscape in different scenarioswutions of forest
development in a 10Ba landscape with the same volume of harvestedd (19000
m?® sub) over a 10@ear rotation period in all scenarioBhe respective raas of the
retention and productivearts of managed forests and-aside forestare shownThe
landscape scenarios are divided in two groapsprding to their sitendex, aproxy for
site prodictivity. (Hégglund& Lundmark, 1977).

5.7 Dead wood dependent lichens

In paper lll, we compared the species composition among different dead
wood substrates using nometric multidimensional scaling (NMDS).
NMDS is an ordineon method based on ranked Euclidean distances
between samples. The data from the circular plots were pooled for each of
the 15 forest stands. All ordination analyses were performed using R
(version 3.2.1, and the packages Vegan, MASS, and BiodiversityR;
Oksanen et al., 2007). Using the functitadoni® (Anderson, 2001), we
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