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Abstracisummary

After realizing the impact of its human/industrial system on nature and indirectly on
itself, mankind became aware of its need for a sustainable relationship with nature. To
obtain this sustainable retgonship, assessments are required to unravel which
managements of human/industrial and natural systems are best suited for that purpose.
In our study, we have attempted to assess the environmental aspect of this sustainable
relationship in a better manner this exemplified for our relation with forest
ecosystems. Latter ecosystem is of major importance as it covers 30% of the land surface
and provides essential services to mankifBAO, 2010)A challenge we wanted to
overcome in order of revealing best practices, is to include the dynamic responses of
natural systems, e.g. effect tfinning on forest growth and thus carbon dkide uptake
Practically, methodological improvements were performed ath@ improved methods
were applied to one specific forest, an intensively managed Scots pine stand in Belgium
(Europe).

Firstly, a framework was developedth which the environmentdimpact and benefit of

an integrated human/industriainatural system can be assessetigpter 3. We focus
here on the life cycles of products, such systems are the collections of the various
processes needed to produce, use and dispose a prodlwetsestudy was performed on

the impact/benefit causedby the life cycle of 1 n? sawn timber, encompassing wood
growth in the Scots pine stand and industrial processing into sawn timber, usage of
latter and burning of the woodThe results indicate that the (wood growth in the) forest
was responsible for the larger share of the environmental impact/ben&#&the forest

was intensively managed, this implied a biodiversity loss compared to a natural system.
This loss, representip damage to ecosystem quality, was responsible for almost all of
the diversity lossover the complete life cyclet.60E04 species*yr msawn timber Next

to that, since the Scots pine stand is a plantation and managed intensively, the growth
of natural \egetationwasprevented leading to the main loss of natural resources per
amount of sawn timber, expressed in exergy (the amount of useful energy obtainable
out of a resource, e.g. exergy content of bioma3$9E+02 G Regarding impact on
human tealth over the life cycle, a total prevention of loss®014nhealthy life years n?

Xi



sawn timberis obtained. Thisealth remediating effect could be mainly attributed for
77% to the deposition of particulate matter < 2.5 um {BMn the vegetative canpy of
the Scots pine stand, and to Qéptakefor the other shareThiscase studyeveakdthe
potential importance of considering impact of ecosystems in envir@mial
sustainability assessment

As PM removal appeared to be such a relevant provideest service, we developed a
model to calculate PM removal by a forest ecosystehapter 3. More specifically, we
quantified the amount washed off via rainfall from the plant surface after -net
deposition on it. For the Scots pine stand, this resultechiremoval of7.38kg PM s ha*
yr'tin the year 2010. Integrating this model into a larger forest ecosystem growth model
ANAFORHEDeckmyn et al., 2011, 2008)lowedus to calculate PM removal while the
forest grows under different conditions. This model was run for different airborne, PM
concentration scenarios for the Scots pine stand during the period Z3D. Estated
avoided health costs due to Ryremoval of 9151075 euro hayr™ were obtained for
these scenarios. Comparing these values with a rental price of 143.6 etigg hiased

on the selling price for the Scots pine stand of 16000 eurd, lbtaired from the
current owner Agency of Nature and Forest, and on a local land buy to rent price ratio)
possibly illustrates the for now underrating by society of this (ecosystem iserv
delivered bythe) forest.

Additionally, Ecological Network Analysis (ENas improved for application in
environmental sustainability assessmermh@pter 5. ENA is a methodology to study and
characterize flux networks among defined ecosystem compartments over a certain
period of time via indicators, e.g. cycling of nitrogeetiween different trophic levels of

a forest ecosystem over a year. Main reasons for improvement and application of ENA
are that a change in ENAdicator can represent an impact on ecosystems, as an
alternative for diversity loss, and ecosystem networkijdsed via ENA, may be easily
included in environmental sustainability assessment because of the same mathematical
backbone. However, prior to application in environmental sustainability assessment the
following matter should be addressed. There are nondtads yet for the different
choices in the ENA methodology, which can have an influence on the indicator values.
Hence, defining such standards is a next important research step.

Finally, in light of theoverall aim of the PhDwe performedan environmental impact
assessment and monetary ecosystem service assessment of the Scots pine stand under
different management anénvironmental changescenarios from the year 2010 up until

2090 ¢hapter 4. For the monetary valuation of ecosystem sergicepecific monetary
values valid for Flanders were used, e.g. 150 eurdPhd .removed(Broekx et al., 2013;
Liekens et al., 2013H)isservices (e.g. N@mission by the forest) are also considered

and dtributed negative economic values to therAn environmental impact assessment

Xii



methodology was applied using our previous framewohk that particular framework

the uptake of harmful compounds such as,@0considered Schaubroeck et al., 2013)
chapter 2 thusthe benefit and thedamage donéy the Scots pine stand to mankind and
nature was assessedhe addressed flows/ecosystem services in this gsial are: PM
removal (PMsand PM;,), freshwater loss, C@equestration, wood production, NO
emission, NKE uptake and nitrogen pollution/removal.Note that is just alimited
number of services/flow, e.g. freshwater loss due to evapotransipartion is considered a
disservice while we did not consider the benificaffect of evapotranspiration: the
counteractingof global warmingby surface coolingBonan, 2008)

The management andnvironmental changescenarios represent the possible (indirect)
influence we have on the forest. The ANAFORE model results of these scenarios
therefore stand ér the potential (indirect) effects which might occur through our
actions on the foreste.g. less wood growth by the forest induced by too much harvest.
In latter model, the new PM removal submodel was integratetapter 3. In practice,

three managementnd threeenvironmental changescenarios were applied, resulting

in nine overall scenarios.

Following main results were obtained. The monetary valuati@sults highlight the
importance of services provided by the forest, with a total yearly average of12@P
euro ha'yr. PM,sremoval is the key service with a value of 62272 euro hayr™. This

is a factor 2.8.6 higher than the earlier mentioned rentaprice. Concerning
environmental impact assessment, with @questration and thus the prevention of its
damage as the most relevant contributor, a yearly average preventidoga of healthy

life years of 0.014 to 0.029 hgr is calculated. Theresi however a yearly average
biodiversity loss 0f1.09E06 to 7.305 species*yr hayr™, mostly through the intensive
land use but counteracted by ¢C&equestration with 46L01%. The differences between
climate scenario radits areinferior to the discrgpandesinduced by the management
scenarios. Regardingnvironmental change we can conclude that the less pollution of
mainly PM, sthrough more stringent legislation, the less there can be pollution removal,
an ecosystem service, and thus overall valueoyided. Concerning management
scenarios, both approaches favor the use of the least intensive management scenario
mainly since CQOsequestration and PM removal are higher for these, latter induced by a
higher needle surface area per ground area. Our fraordwhas thus resulted in the
clear selection of the best managemegesario of the considered onesd this for the
accounted ecosystem services/flows

Overall, different methodological aspects were improved. Though, there are still a lot of
methodologicd improvements needed. However during this study, it became clear that
there was a more urgent issue, the lack in a clear consensus on which matters to
prioritize in sustainability assessment. The most important question concering this
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gl mf ~ f pj7l pbreffj ml dpr*kqg ql jr"fkgrfk7 j~k Io
framework was proposed for sustainability assessment in which the total
impact/benefit on human welbeing was put central again, in correspondence with the

original definition of sustainableae b s bi | mj bkqg7 pgeb absbil mjbkaqg
of the present without compromising the ability of future generations to meet their

| t RWWCED, 1987)
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Samenvatting

Na het realiseren van de impact van zijn humaan/industrieel systeem op de natuur en
indirect op zichzelf, is de mens zich bewust geworden vanndedzaak aan een
duurzame relatie met de natuur. Om deze duurzame verstandhouding te bekomen, moet
onder andere door onderzoek ontrafeld worden welkbeheervormen van
humaan/industriéle en natuurlijke systemen hiertoe het meest geschikt zijn. In onze
studie hebben we geprobeerd om het milieuaspect van deze duurzame relatie in een
betere manier te kwantificeren, dit geillustreerd met bosecosystemen. Laatstgenoemd
type ecosysteem is van groot belang aangezien het 30% van het landoppervlak beslaat
en essentile diensten aan de mens bie@AO, 2010)Een uitdaging die we wilden
overwinnen bij de selectie van het beste beheersscenas het includeren van de
dynamische respons van (bos)ecosystemen, zoals ondermeer het effect van
houtdunningenop bosgroei en dus op opnanvan koolstofdioxide Specifieke mathodes
werden hiertoe ontwikkeld of verbeterd. Ter illustratie werden teegepast op één
bepaald bos: een intensief beheerd grove dennenbestand te Brasschaat, gelegen in
Vlaanderen.

Ten eerste werd een raamwerk ontwikkeld waarmee de negatieve/beschadigende en
positieve/mitigerende, door bijvoorbeeld COvastlegging, miliesimpact van een
geintegreerde humaan/industrieehatuurlijk systeem beoordeeld kan worden
(hoofdstuk 3. Wij focussen hier op de levenscycli van productdergelijke systemen

zijn de verzamelingen van verschillende processen die aamgelworden tijdens de
productie, het gebruik enfinale verwerking van het product.Een casestudie werd
uitgevoerd op de levenscyclus van P gezaagd hout, dit omvat de groei van stamhout

in het grove dennenbestand, industriéle verwerking tot zaaghout, rggbvan deze en
finale verbrandingervan. De resultaten van deze studie tonen aan dat (de houtgroei in)
het bos verantwoordelijk is voor het grootste aandeel van de milmpact. Aangezien

het bos intensief beheerd werd, leidde dit tot een verlies aadiversiteit ten opzichte

van een natuurlijk bos. Dit verlies, dat schade aan ecosystemen representeert, was
verantwoordelijk voor bijna alle diversiteitsverlies over de volledig beschouwde
levenscyclus: 1.60E04 soorten*jr n? gezaagd hout.Daarnaast werd het grove
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dennenbestand ook aangeplamn intensief beheerd wat inhoudt dat de groei van
natuurlijke vegetatievoorkomen werdop deze locatiewat leidde to het gotste verlies

aan ¢ natuurlijke grondstoffen over de keten, uitgedrukt in exergie (de heeteid
energie die men uit een grondstof kan halen ten opzichte van de standaardomgeving):
3.99E+02 GJexgezaagd houtinzake impact op menselijke gezondheid, voorkwam dit
systeem een verlies vafil1l gezonde menselijke levensdagefd gazaagd houtlaatste

is voor 77% toe te kennen aan de filtering, door depositie op het plantoppervlak, van fijn
stof met een diameter < 2.5 um {BSuit de lucht. Deze studie todanhet potentieel
belang aan van het in beschouwing nemen van ecosystemen in duurzaarahalgse.

Sinds verwijdering van fijn stof (FS) een relevante geleverde dienst door hetlipkiste

zijn, hebben we een model ontwikkeld om de verwijdering van FS door een
bosecosysteem te kwantificeremdofdstuk 3. Meer specifiek berekent dit model de
hoeveelheid fijn stof afgewassen van het plantopperviak vieere@l na nettedepositie

op het opperviak Voor het grove dennenbestand calculeerden we een verwijdering van

6,58 kg FS ha' jaar! voor het jaar 2010. Het integreren van dit model in eewotgr
bosgroeimodel ANAFORBeckmyn et al.,, 2011, 2008at toe om FS verwijdering te

bepalen over de loop van de tijHeen terwijl het bos groeit onder verschillende
omstandigheden. We hebben dan ook FS verwijdering voor het grove dennenbestand
tijdens de periode 200 - 0- hr kkbk _bm~i bk sll o sbop efi.i
FS; luchtconcentratie. De uitgerekende gehatte vermeden gezondheidskosten als
gevolgvan Fgs bot f gabof kd sl | o ablob ewo gekheatafel yp b
perjaarEbg sbodbi fghbk s~k abwb t ~A"djaab'kopj bg bb
basis van de verkoopprijs voor het bestamdn 16 0000 ha*, bekomen van de huidige

eigenaar Agentschap van Natuur en Bos, en op een lokale verkoopuurprijs ratio)

illustreert mogelilks het onderschatten door de samenleving van (deze
ecosysteemdiensten geleverd door) dit bos.

Daarnaast werdle methodologie Ecologische netwerkanaly&eplogical Network Analysis
(ENA), verbeterd voor toepassing in duurzaamheidsanal&shaubroeck et al., 2012)
(hoofdstuk 5. ENA is een methode om de fluxnetwerken tussen bepaalde
ecosysteemcompartimenten over een periode hemsn de hand van indicatoren te
bestuderen en karakteriseren, bijvoorbeeld het hergebrutlydling van stikstof tussen
verschillende trofische niveaus van een bosecosysteem over het verloop van een jaar.
Belangrijkste mogelijke applicaties en reden tot fetering van ENA in
duurzaamheidsanalyse, is dat een verandering in een-Eldisator een impact op de
ecosystemen kan representeren, als alternatief voor verlies aan diversiteit, en
ecosysteemfluxnetwerken, bestudeerd via ENA, gemakkelik kunnen worden
geintegreerd in levenscyclusanalyse, een methode voor duurzaamheidsanalyse,
aangezien beiden dezelfde wiskundige methodologie gebruiken. Echter, voorafgaand
aan toepassing van ENA in duurzaamheidsanalyse dient het volgend euvel eerst
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opgelost te worden. Erijp nog geen standaarden voor de verschillende keuzes die
gemaakt kunnen worden bij het uitvoeren van de ENA methode. Deze hebben weliswaar
een invioed op de bekomen indicatorwaarden. Vandaar dat het definiéren van
dergeliike standaarden een belangrijke lgende stap hoort te zijn in dat
onderzoeksgebied.

In het kader van de algemene doelstelling van dit doctoraat werdem milieu
impactanalyse en een monetaire beoordeling van ecosysteemdiensten van het grove
dennenbestand onder verschillende klimaan keheerscenarios voor de periode 2010
2090 uitgevoerd (hoofdstuk 4. Om de ecosysteemdiensten in geldwaarden uit te
drukken, werden specifieke monetaire waarden geldig voor Vlaanderen aangewend,
_f gs | | o_ bbfijnatof < 25 umqE9 Bdoekx et al., 2013; Liekens et al., 2013b)
Ondiensten (bijvoorbeeld emissie van N@oor het bos) zijn ook in beschouwing
genomen. Aan deze werden negatieve economische waarden toegekeed.
methodologie voor milieeimpactanalyse werd toegepast met behulp van ons eerder
vermeld raamwerk waarin de opname van schadelijke stoffen zoals W@dt
beschouwd Schaubroeck edl., 2013)dus zowel het mitigerend als het schadelijk effect
werd beoordeeld. De beschouwde fluxen/ecosysteemdiensten in deze analyse zijn:
verwijdering van fijn stof (Fg en F$g,), verlies aan zoetwater CQopslag,
houtproductie, uitstoot vanNQ, NH, opname en verontreiniging of verwijdering van
stikstof. Merk op dat dit slechts een beperkt aantal fluxen/diensten zijn, bijvoorbeeld
waterverlies door evapotranspiratie is in rekening gebracht als ondienst maar het
voordelig effect van evapotraspiratie door koeling van het aardoppervlak, wat de
globale opwarming tegenwerkt, is niet in beschouwing genorti@onan, 2008)

De beheeren klimaatscenarios vertegenwoordigen de mogelijke (indirecte) invioed die
de mens op het dennenbestand hedie resultaten van & ANAFORE model onder deze
verschillende scenarios, stellen dan ¢iedirecte) effectenvan onze acties op het bos
voor, bijvoorbeeld minder houtgroei bij te veel oogst. Het toegepaste ANAFORE model
bevatte ons ontwikkeld model voor fijn stof verwijderin¢hoofdstuk 3. Specifiek
werden drie beheer en drie klimaatscenario's toegepast, wat resultderin negen
Nidbjbkb p bkrofl yp+

De volgende resultaten en conclusies werden bekomen uit deze analyse. De in geld
uitgedrukte ecosysteemdiensten van het bos adrukken ten eerste het belang van

deze, dit met een totaal jaarlikse gemiddelde van-3@42 euro per hectare bos per

jaar. Dit is een factor 2.8.6 hoger dan de eerder vermelde huurprijs*har™. FS.
verwijdering is de belangrijkste ecosysteemdignsaneen waarde van 622 . 4/ * 0 e 7
jaar®. Betreffende analyse van aweilieu-impact, waarbij C@opslag de meest relevante

dienst is, werd een jaarlijks gemiddelde preventie van verlies van 600029 gezonde
menselijke levensjaren hajaar® bekomen.Er is echter een jaarlijks gemiddeld verlies
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aan biodiversiteit van 7.3B5 tot -1.09E06 soorten*yr hd jaar'. Dit is grotendeels
veroorzaakt door het intensieve landgebruik maar ook teniet gedaan dogrop€lag

aan 46101%. Het verschil tussen uitk@ben van de drie klimaatscenario's is inferieur
aan de discrepantie veroorzaakt door de drie verschillende beheerscenario's.
Betreffende klimaatverandering, kunnen we concluderen dat minder vervuiling van
voornamelijk F$sdoor strengere wetgeving tot migker verwijdering van desbetreffende
polluenten leidt, en daarmee de totale hoeveelheid geleverde diensten door het bos doet
sbohibfkbk+ Nr”~ _bebbop bk~ofl yp) c"sl ofpbo
minst intensief scenario omdat GOpslag en FS8erwijdering groter waren voor deze,
veroorzaakt door een hogere naaldoppervlak per grondeenheid. Onze methodiek heeft
dus geresulteerd in een duidelijke selectie van het beste beheerscenario onder diegene
beschouwd, wat initieel beoogd werdlit natuurlijk wel enkel voor de beschouwde
ecosysteemdiensten effluxen.

Verschillende methodologische aspecten van duurzaamheidsanalyse werden verbeterd
en geintroduceerd. Echter, er zijn nog veel verbeteringen nodig. Tijdens het uitvoeren
van deze studie werd hetuidelijk dat er een meer prangend kwestie is, namelijk het
ontbreken van een duidelijke consensus over welke zaken prioriteit hebben bij de
beoordeling van duurzaamheid. De belangrijkste vraag hierbijNst is belangrijker om

te behouden/beschermen: dmens of de natuur?’. Een eenvoudige conceptuele kader
wordt voorgesteld voor de beoordeling van duurzaamheid waarbij de totale impact op
het menselijke welzijn opnieuw centraal wordt gesteld, dit in overeenstemming met de
oorspronkelijke definitie van dutzame ontwikkeling: 'de ontwikkeling die de behoeften
van het heden beantwoordt zonder het beperken van het vermogen van toekomstige
generaties om in hun eigen noden te voorzi¢wCED, 1987)
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Chapter 1 Introduction



Including manature relationships in environmental sustainability assessmeihiasetbmsiduction

systems

1.1 A need for asustainablaelationship between nature and

mankind

Similar to every species, since the beginning of its existence mankind exploits its

bksfol kj bkaqg

% qHubgett,p 1099) frame dxygény consumption over

application of medicinal herbs to a wound, to maintain itself in harsh/damaging
environmental conditions. The human species has been extremely adaptive and,
functioning as an ecosystem engineer, created and performed numerous processes in its
environment to aid in its own survival, and to increase its life quali§mith and Zeder,

in press) As the role of humans ithe ecosphere became ever more prominent, an
abstract boundary was drawn between this collection of processes, the so called

pberj "k, fkarpqgof Mi

pvpagbjy
b k N q frtlabwe)considerpat a beparagnfitk h f k a f

(0]

obcbooba ¢l A p
(Figurel.d).
ECOSPHERE
Pt Sl =~ \._,\\
[ 4 I
1 2
v | \ A
-—3—>» o
HUMAN/INDUSTRIAL /
SYSTEM -
MANKIND
NATURE

1: ecosystem resources for the human/industrial system (e.g. wood)
2: emissions (e.g. CO») to the natural system by the human/industrial system
3: economic/industrial products and services (e.g. car) and toxic compounds

(e.g. airborne particulate matter)

bgb ekl pmeboby

4: management of the human/industrial system, human emissions (e.g.

garbage) to be processed
5: emissions by humans (e.g. CO; exhalation)

6: ecosystem goods and services directly provided, but also damaging ones

(e.g. diseases)

Figurel.l.

Flows, material and nematerial, between mankind, its human/industrial system

(orange) and nature (green), all three considered as separate entities of the
ecosphere. For clarification, the most common interpretation of parts of these
flows are given. Some indirect effects are illustrateh dotted lines.

Man invested a lot of time and energy in improving its human/industrial system in
exploitation of nature to satisfy its needs. Later on, we however discovered the adverse
effects, besides the positive ones, of our human/industrial pssas and activities on
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our own health, on nature and the rest of theiman/industrial system(Carson, 2002;
Rockstrom et al., 2009)n this context, the need for a sustainable development, being
ageb absbil mjbkqg qgqe”qg njwithou pomaranmisingktie bkdity | ¢

l ¢ crgrob dbkbo”~qgfl kp ql jbbg gebfo 1tkA
commission(WCED, B+ Fk mo”™ gqf b)) qgefp fp |l cgbk f
|l fkbA7 pl > f~ri) bksf ol kj b KHkihgton,1%98)Holvevérk | j f
environmental sustainability should be prioritizetbecausea society and its economy

are bounded by planetary/environmental limits, e.g. a limited amouwftfresh water

(Griggs et al., 2013; Muys, 2013gre we will therefore focus only on environmental
sustainability.

To meet this demand for an environmentally sustainable relation/development
between mankind and nature, effort has been put in management of the
human/industrial system and nature to obtain minimization of the adverse impact of
our activities and processes, but also maximization of products and services of nature.
The interactions within nature may after all be altered throughuman
management/interventon, e.g. reduction in global warming gas emission by converting
aswamp toarice field (Jiang egl., 2009)

The dynamic responses of all the main actors makes the achievemenanof
environmental sustainable relationship though a hard nut to crack. An alteration of
nature (by flows 2 and 5 iRigure1.1) might change or even endanger the provision of
products and services of it to humans (flow 6 and indirect flow IFigure 1.1), e.g.
drought induced by climate change may lead to loss of harvestable biomass and
recreational services of an ecosystefBanerjee et al., 20137 change in industrial
processes by mankind will also have an impact on humans, a feedback. These dynamic
responses and thendirect effects they induce should be accounted for as well (dotted
linesFigurel.l).

Overall, bols are needddevelopedthat assess the environméal sustainability of the
relationship between mankind (possibly via its industrial system) and natared that
cover the indirect effects evoked through dynamic responses of these systEmesmost
important toolsand their shortcomings are addressed sthpin the next sections.
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1.2 Tools to assess the environmental sustainability of the
mankind-nature relation

In general, development and application of tools to assess the environmental
sustainability of interactions between mankind and nature has skyrocklestnce the
Brundtland report written in 198{WCED, 1987)

On the one hand, tools were developed to assess the impact of the human/industrial
system on humans and on nature (focusing on flavand3 of Figure 1.1). Different
methodologies have been developed, with theimdifference between them the entity

to which they attribute and normalize this impact: to a product or service (life cycle
assessment), to a region or projeengironmental impact assessmentto a substance

flow over time (substance flow analysi@jeijungs, 2001)or conveniencewe will focus

on the most popular of these methods, namely Life Cycle Assessment (LCA), though
findings/improvements are also applicable to the other methodologies. In particular
LCA quantifies the anronmental impact, only the damage aspect of it, of resource
extraction and emissions of Buman/industrial mo | ar ~ g y gISQ, 2006k, 2006b) i b
(Figurel.2).

HUMAN/INDUSTRIAL SYSTEM

LIFE CYCLE PRODUCTION [-PRODUCT-B{ USAGE [ =\ 2"
LIFE CYCLE RESOURCES & EMISSIONS

DAMAGE (at midpoint level): Global warming, resource consumption,
ecotoxicity, human toxicity, eutrophication, ozone depletion,

acidification,...
TS —
LIFE CYCLE FINAL DAMAGE TO (at endpoint level):
IMPACT o Ny T
ASSESSMENT [ ]
EQJEQ%A& NATURAL HUMAN/
MENT RESOURCES INDUSTRIAL
SYSTEM
HUMAN
HEALTH NATURE
\ J
Y

AREAS OF PROTECTION
Figure1.2. Concept of life cycle assessment of a product with the different stages. The impact
at endpoint level addresses four areas of protection, brought forward by de Haes

et al.(1999) among which the human/industriasystem is often not considered.
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On the other hand, another important tool in environmental sustainability assessment
ofthe mank *gr ob obi *qgfl kpefm bufpqp7 qgeb pb I
services are described as the direct (flow 6Fajure 1.1, pg.2) and indirect (flow 1 of
Figurel.l, pg.2) contributions of ecosystems to human weking(de Groot et al., 2012;

Maes et al., 2013)vell described in the work of Hassan et 42005)(Figure 1.3). The
ecosystem services span a wide range of commodities, e.g. for forests foouth @
recreation. This conceptaind thus alsocorresponding toolswhich only assesgshese
services, emphasizen benefits ofan ecosystem towardmankind.

NATURE
ECOSYSTEM SERVICES
PROVISIONING REGULATING CULTURAL
Food Climate regulation Recreation
Fresh water Disease regulation Ecotourism
Fiber Water purification Educational
Genetic resources Pollination Cultural heritage
SUPPORTING
Nutrient cycling — Soil formation — Primary Production

v

HUMAN/
INDUSTRIAL
SYSTEM

v
[ ]
Figure 1.3. Concept of ecosystem services, the services provided by ecosystems towards

mankind (Hassan et al., 2005he different types of services are presented with
some examples.

One could consider that these two types$ tools arepresumablyderived from two
afccbobkqg %mlmri”*"o& bksfol kjbkqg?ni m”~o”af
krgrob ~ka j~khfkay clo | @> “ka pk”*qgqrob
assessment. Both are osseled perspectives. A moreomprehensiveapproach is
therefore needed, which includes all relationships between humans aatlire, the

harmful and beneficial ones from nature to mankind and vice versaAn overall
methodology to cover althese fluxes (Figure 1.1, pg. 2) and their damaging and
beneficial aspects, is though still lacking. This is a first impaoitneed.

The mentioned methodologies might include some modelling of the human/industrial
system and nature to assess indirect effects, e.g. airborne industrial emittedc&O
form particulate matter which harms mankind, though this is often in a prelary
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manner assessed using predefined characterization faci@sedkoop et al., 2009)
Better models, discussed in the next section, should be used¢ombination or
integrated into previous assessment tools, representing a second relevant need.

1.3 Tools to quantify dynamic response$ and their induced
indirect effectsbetween mankind and nature

To characterize indirect effects, including feedback Isppn the flows/relationships
between mankind, its human/industrial system and nature, depictedrigurel.1, pg.2,
measurements/observations or models can be used. In light of obtainimg a
environmentally sustainable relationships under changing conditions (such as climate
change), predictive models to charaeize responses to a flow/relationship changes are

a must. The goal is mainly to select the best, in this case most environmentally
sustainable, management practices using models.

Human interactions with the human/industrial system are straightforward: thugh

work and management humans indirectly obtain products from this system. Economic
jlabip ~ob rpba ql mobaf q qeb pvpgbjyp mbo
matter, see the work of Basu and Krongg0D09)for an overview,but it is not the focus

in this manuscript.

We focus on environmental sustainability and will onlyorsider modelling of
ecosystemsA reviewon ecological modellings given by Fath et a[2011) One of the
most applied models are the empirical models which predict wood growtd atand
characteristics of forest under certain management practi¢esetzsch, 1999)

Nate that integrated models existwhich model both nature and the human/industrial
system, though these are not usegdour study, sinceas mentionedve will only include

ecosystem modellingA fine exampleof an integrated models that of Arbault et al.

(2014)
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1.4 Faests and their ecosystem services, with focus on
particulate matter removal

In this work we will study one specific ecosystem type and its interactiongh wi
mankind, namely the forest. @&ording to the Food and Agriculture Organizati@RAO,
2010)a forest is defined p7 al "ka pm~"kkfkd jlob qge”k
than 5 meters and a canopy covef more than 10 percent, or trees able to reach these
thresholds in situ. It does not include land that is predominantly under agricultural or
ro_~k i~"ka rpb+A Fq fp | kb Ilc qgeb j~rfk
approximately 31% of the wi land area, just over 4 billion hectares, in 20EAO,
2010)Figurel.4).

Figure 1.4. Map of global forest (>10% tree cover) area (shown in green) for the year 2005
(FAO, 2010)

Due to deforestation, this total area is slowly reducing but the rate of removal is
however lowering from 0.20%er year between 199000 to 0.13% between 2a8W0
(FAO, 2010)This deforestation is mainly due to conversion of foes$d agricultural
land. As other land uses often offer more direct benefit to mankind, the various benefits
of forest are frequentlyoverlooked Figure 1.5). Renewable production of wood is a
unique irreplaceable asset of forests. In 2005 3.4 billidnvmod was reported to be
harvested worldwide(FAO, 2010)Let us not neglect to mention one of the more
recently highlighted important services of forests: the sequestration of carbon dioxide
(Pan et al., 2011Next to that, removal of particulate matter by forestshrough
deposition on plant surface, i®garded as ammportant provided servicgFowler et al.,
2009; Nowak et al., 2013Jhough research is still needed toodel the quantity of
particulate matter removedPetroff et al., 2008; Pryot al., 2008)In this work we will
attempt to quantify this service in a better manner.
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Production
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Figure 15. Designated/primary functionsof forests in 2010 (FAO, 2010)Percentages
represent share of forests which has this specific designated/primary function.

Regarding all these provided servicesefarestation is by consequencealso
counteracted by afforestation to maintain this crucial ecosystem and its goods and
services (FAO, 2010)Research ishowever still ongoing and neededto unravel all
relevant environmental sustainability features of forest and how to best manage them.
This aspect we also want to address in our study.

1.5 (bjectivesand outline of the work

The overall aim is the development ofnaimproved framework, in which the
environmental sustainability of the mamature relationship is better assessed, while
including the dynamic responsef ecosystems, e.g. to climate change highlight best
ecosystem management practices, this illustrateiith an application on a maforest
relationship. In particular (the perspectives of) LCA and ecosystem service assessment
need to be both used. The two main shortcomings of these assessment tools are: a lack
in considering all bidirectionalrelationships (damaging and beneficiahetween man

nature and a need for integration with ecosystem models to better addressiyhamic
response of ecosystems, evokimglirect effects, both shortcomingare mentioned in
sectionl.2 pg.4.
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In the given context, dur main objectives are defined:

1. Development/improvement of a LCAbased tool to assess the environmental
sustainability assessment of the bidirectional maature relationship, in
particular an integrated human/industrialnatural system, in a better manner.

2. The development of a model to quantify one of the most vale ecosystem
services, more precisely particulate matter removal by a forest.

3. Providing a frameworkhat addresses the above mentioned overall aim.

Research questidiow to pinpoint the most environmentally sustainable way of managinc
an ecosystem, liistcase a Scots pine stand?

4. Apply the developed tools to forest ecosystems and derive best management
practices.

The fourth objective narrows down this relationship to only with one ecosystem type, to
make the other objectives realizable and tangiblore precisely, the methodological
improvements were applied to one specific forest ecosystem, a Scots pine stand,
discussed in the next sectioh.6

To better gasp, the objectives, specific research questions can be formulated:

1. What is the environmental impact/benefit change of a (wood) production system
if a(n) (Scots pine forest) ecosystem is included? Does nature, e.g. the Scots pine
forest, or the human/indugial system has the highest environmental
impact/benefit; which is more relevant to better manage?

2. How much particulate matter will a certain forest remove in the future?

3. How to pinpoint and what is the most environmentally sustainable way of
managing arecosystem, in this case a Scots pine stand?

To realize these objectives, different studies have been perforriiégse are presented
fk geb afccbobkg ~e”“mgbop | c ochapterp) aad pp b o
b@ k irpfl kp ¢thapergnbopmb qgf sbpy %

First, to achieve the first objective, tools to assess the environmental sustainability of
the mankindnature relationship/flows were improved irchapter 2 In this particular
chapter, we erased the abstract boundary between the human/induksistem and

nature and combined the ecosystem services and Life Cycle Assessment (LCA) approach,
to assess the complete life cycle of an economic product in a more objective and
complete manner. A case study was performed on sawn timber in which alsoireect

of the forest, where the wood was originally grown, and the uptake of pollutants by that
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forest, an ecosystem service, are assessed. An important conclustbrs chapter was
that deposition of airborne particulate mattersmaller than 2.5 pum (PM on plant
surfaces of forest ecosystem can be the most important benefit over the complete life
cycle for human health, even more than 3@questration, provided by a forest. Prior to
addressing forest ecosystems in a dynamic manner, a model needssl developed to
guantify thisPM removabetter (second objective), which is donechapter 3

In chapter 2 only a static approach was considered, without a dynamic response of the
systems. Therefore, the developed new methodological framework was iatedwith

a forest growth model, ANAFORBeckmyn et al., 2011, 200&)r different management

and climate scenarios ichapter 4 Latter scenarios induce indirect effects brought
forward (partially) by mankind and its human/industrial system. Chapter 4 thus
addresses the third objective.

Damage to ecosystems in general, as in chapter 2, is often addressed through loss in
species diversity in LCA. As Goedkoop et(2009)point out that this approach only
covers the loss/change in information and not that of material and energysdarch for
alternatives, Ecological Network Analysis (ENA) was improved to potentially meet this
demand, elaborated irchapter 5 Next to that, because of the same mathematical
backbone of ENA and LCA, ecosystem flow networks ofdfiMides can be easily
integrated in the framework of chapter 2 to include ecosystems in product life cycles.
Figurel.6 gives an outline of the dissertation.

10
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CHAPTER 1:
INTRODUCTION

;

CHAPTER 2:

Quantifying the environmental impact of
an integrated human/industrial-natural
system using life cycle assessment; a

case study on a forest and wood
processing chain

Obijectives addressed:

1&4
CHAPTER 3: CHAPTER 5:
Multi-layered modelling of particulate Improved ecological network analysis
matter removal by a growing forest for environmental sustainability
over time, from plant surface assessment; a case study on a Scots
deposition to washoff via rainfall pine stand
Objectives addressed: Objectives addressed:
284 1&4
CHAPTER 4:

Environmental impact assessment and

ecosystem service valuation of a forest

ecosystem under different climate and
management scenarios

Objectives addressed:
3&4

Y

CHAPTER 6:
CONCLUSIONS AND
PERSPECTIVES

Figurel.6. Outline of the PhD dissertation.
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1.6 The Scots pine stand

The studied forest ecosystem is a managéetare Scots pinePinus Sylvesttis) stand

il " ~gba fk qgeb cl obpqg p #decidadupforesty 30 krboNE2of e N |
Antwerp, situated in the Campine region of Flanders (Belgium), country of Europe

%2 . «. 5y00yyK) 1«0.y.1yyB& %Cfdrob 4&+

Wind rose
(1997-2001)

Figure 1.7. Location of the Scots pine stand with measurement tower in the experimental
forest site (grey: forest, black: residential areas, waves: water pools, horizontal
bands: low vegetation types such as meadows, clearcuts or moorlands). The
presence of the E19 dgliway has an important influence on the particulate
matter concentration, this also since the wind is mostly coming from the
southwest. This map is retrieved from Neirynck et(@007)

This site is a level Il observation plot aEuropean program for intensive monitoring of
forest ecosystems, their vitality, effect on air polluticand carbon flux measurements.

It has been thoroughlyresearched in numerous studiesnainly by the University of
Antwerp and the Flemish research institute for Nature and Forest. For chapter 2 ,and 5
data representative for the period 202002 of the frest was used and for chapter 3

that for 2010. In case of chapters 4 and 5, the ANAFORE forest growth model was used,
parameterized to this Scots pine staf@deckmyn et al., 2011, 2008)

The areaof the Scots pine standhas a maritime climate with a mean annual
temperature of 11 °C and a precipitation of 830 rf@ampioli et al., 2011The site has a
flat topography with a slope of less than 0.3% and an elevation of 16 m above sea level. It

12
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is also characterized by a high nitrogen deposition of 48 kg Nyma (Neirynck et al.,
2008)

Thesoilis classified as a podzol and consists of an ectorganic layer with a moder type of
humus, an aeolian sand layer with an heorganic surface layer ¢(8cm), an eluviation
horizon and a distinct humus ahiron B horizon, on a substratum of Campine Clay (40%
clay) at a depth varying between 1.2 and 2.5 m. The groundwater table is usually at a
depth of 1.21.5 m(Baeyens et al., 1993)he soilis moist, but rarely saturated, because

of the high hydraulic conductivity of the upper layers. A more detailed soil description

is given by Neirynck et a(2002)and Janssens et #1.999)

Regardingvegetation Scots pine is a coniferous, evergreen species. It is an abundant
species in Flanders, the most important considering standing vol@iR&0, 2007and a

major tree sgcies in Europ€Skjath et al., 2008; Troltzsch et al., 200Bg Scots pine

trees were planted in 1929 and th@ot consist only of this tree, considering 100%
canopy cover Figure 1.8). Table 1gives an overview of stand characteristics. In the
years 2002002, the surface area was considered to be covered for 54% by black cherry
(Prunus serotinghrh.), 8% by rhododendrorfRhododendron ponticium and 20% by
purple moor grassNlolinia caerulda Moench), with a noivegetated area of 18#lagy

et al.,, 2006) These areal percentages were also used as estimated contributions of the
different understory species to the understory biomass.

© 2014 Jan'Lambert ’ \ 2 © 2014 INBO

Figure1.8. The Scots pine stand and its measurement towbgwn in the upper right. The
not completely closed canopy cover is pictured in the uppeft one. The tree
stand consists of aavenaged singlespecies as can be seen from the similar tree
stems on the bottom left and right pictures.

13
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Tablel.1l. Stand characteristics of the Scots pine stand. Tree height for the year 2010 was not
measured but that of 2008 is given. DBH: Diameter at Breast height

Paraméer Unit 20012002 2010
Source (Yuste et al., 2005) (Gielen et al., 2013
Used in chapters 2and5 3
Stand density Trees hd 377 (winter 20011 361 (winter 361
2002)
AverageDBH cm 29 33
Basal area m?ha* 24 31
Tree height m 21.4 21.2 (2008)
Tree age years 7273 80

Managementof the forest consisted out of several thinnings but also removal of
understory vegetation. Latter was repeatedly done until 2@Gielen et al., 2013Yhe
known harvesting of trees and tree densities over time are mentiomedable 1.2.
Frequent thinning occurred between the period 198997, according to Neirynck et al.
(2008) The thinning of 1999 was however done because of ptnsnagement in the
past, and it was mainly surpressed trees that were removed, as stated by Xiao et al.
(2003) We believe that this poor site management could be a reason for the incomplete
canopy closure later on ithe forest. Op de Beeck et £010ajfter all mention a gap
fraction of 42% in the period 202008 Figurel.8).

Table 1.2. Management/ hstory of the Scots pine stand, the tree density and harvest

quantitiesfor which numbers are given in literature are mentioned/A: data or
info not available.

Year Age density Harvest (winter)  source

years Trees hd Trees ha /
1980 50 1390 N/A (Neirynck et al., 2008)
1987 57 899 N/A (Neirynck et al., 2008)
1995 65 538 N/A (Xiao et al., 2003)
1999 69 377 163 (Xiao et &, 2003)
2001 72 376 1 (Xiao et al., 2003)
2002 73 361 15 (fell in storm)  (Xiao et al., 2003)
2010 80 361 N/A (Gielen et al., 2013)

14
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During 20012002 on average 8 trees har™ were harvestedYuste et al., 2005ith
properties assumed to be equal to the avgearee of the stand. Only stem wood was
harvested, and the remaining aboveground parts were left as slash.
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Chapter 2 Quantifying the environmental impact

of an integrated human/industrialnatural system
using life cycle assessment; a case study on a forest
and wood processing chain

Redafted from:

Schaubroeck, TAlvarenga, R. A. F., Verheyen, K., Muys, B., Dewulf, J., 2013. Quantifying
the Environmental Impact of an Integrated Human/Industridlatural System Using

Life Cycle Assessment; A Case study on a Forest and Wood Processing Chain. Environ.
Sci. Technol. 42,357813586.
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Abstract

Life Cycle Assessment (LCA) is a tool to assess the environmental
sustainability of a product; it quantifies the environmental impact of a

mol ar " qyp ifcb v ib+ Fk "I ksbkqgfl k"i

cycle are limted to the human/industrial system, the technosphere.
Ecosystems, which provide resources to and take up emissions from the
technosphere, are not included in those boundaries. However, likewise to
the technosphere, ecosystems also have an impact on f{fseirrounding)
environment through their resource usage (e.g. nutrients) and emissions
(e.g. Ch). We therefore propose a LCA framework to assess the impact of
integrated TechneEcological Systems (TES), comprising relevant
ecosystems and the technospherth our framework, ecosystems are
accounted for in the same manner as technosphere compartments. Also,
the remediating effect of uptake of pollutants, an ecosystem service, is
considered.

A case study was performed on a TES of sawn timber production
encommssing wood growth in an intensively managed forest ecosystem
and further industrial processing. Results show that theanaged forest
accounted for almost all resource usage and biodiversity loss through land
occupation but also for a remediating effect (mman health, mostly via
capture of airborne fine particles. These findings illustrate the potential
obibs"k b Il c¢c fk irafkd b Il pvpgbjp
though further research is needed to better quantify the environmental
impact of TES.

Figure2.1. Graphical abstract
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