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Abstract/summary 

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 relationship, 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 mankind (FAO, 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 of thinning on forest growth and thus carbon dioxide uptake. 

Practically, methodological improvements were performed and the improved methods 

were applied to one specific forest, an intensively managed Scots pine stand in Belgium 

(Europe).  

Firstly, a framework was developed with which the environmental impact and benefit of 

an integrated human/industrial-natural system can be assessed (chapter 2). 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 product. A case study was performed on 

the impact/benefit caused by the life cycle of 1 m3 sawn timber, encompassing wood 

growth in the Scots pine stand and industrial processing into sawn timber, usage of 

latter and burning of the wood. The results indicate that the (wood growth in the) forest 

was responsible for the larger share of the environmental impact/benefit. As the forest 

was intensively managed, this implied a biodiversity loss compared to a natural system. 

This loss, representing damage to ecosystem quality, was responsible for almost all of 

the diversity loss over the complete life cycle: 1.60E-04 species*yr m-3 sawn timber. Next 

to that, since the Scots pine stand is a plantation and managed intensively, the growth 

of natural vegetation was prevented, 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 biomass): 3.99E+02 GJex m
-3. Regarding impact on 

human health over the life cycle, a total prevention of loss of 0.014 healthy life years m-3 
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sawn timber is obtained. This health remediating effect could be mainly attributed for 

77% to the deposition of particulate matter < 2.5 µm (PM2.5) on the vegetative canopy of 

the Scots pine stand, and to CO2 uptake for the other share. This case study revealed the 

potential importance of considering impact of ecosystems in environmental 

sustainability assessment. 

As PM removal appeared to be such a relevant provided forest service, we developed a 

model to calculate PM removal by a forest ecosystem (chapter 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 resulted in a removal of 7.38 kg PM2.5 ha-1 

yr-1 in the year 2010. Integrating this model into a larger forest ecosystem growth model 

ANAFORE (Deckmyn et al., 2011, 2008), allowed us to calculate PM removal while the 

forest grows under different conditions. This model was run for different airborne PM2.5 

concentration scenarios for the Scots pine stand during the period 2010-2030. Estimated 

avoided health costs due to PM2.5 removal of 915-1075 euro ha-1 yr-1 were obtained for 

these scenarios. Comparing these values with a rental price of 143.6 euro ha-1 yr-1 (based 

on the selling price for the Scots pine stand of 16000 euro ha-1, obtained 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 service 

delivered by the) forest. 

Additionally, Ecological Network Analysis (ENA) was improved for application in 

environmental sustainability assessment (chapter 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 nitrogen between different trophic levels of 

a forest ecosystem over a year. Main reasons for improvement and application of ENA 

are that a change in ENA-indicator can represent an impact on ecosystems, as an 

alternative for diversity loss, and ecosystem networks, studied 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 no standards 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 the overall aim of the PhD, we performed an environmental impact 

assessment and monetary ecosystem service assessment of the Scots pine stand under 

different management and environmental change scenarios from the year 2010 up until 

2090 (chapter 4). For the monetary valuation of ecosystem services, specific monetary 

values valid for Flanders were used, e.g. 150 euro kg-1 PM2.5 removed (Broekx et al., 2013; 

Liekens et al., 2013b). Disservices (e.g. NOx emission by the forest) are also considered 

and attributed negative economic values to them. An environmental impact assessment 
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methodology was applied using our previous framework. In that particular framework 

the uptake of harmful compounds such as CO2 is considered (Schaubroeck et al., 2013), 

chapter 2, thus the benefit and the damage done by the Scots pine stand to mankind and 

nature was assessed. The addressed flows/ecosystem services in this analysis are: PM 

removal (PM2.5 and PM2.5-10), freshwater loss, CO2 sequestration, wood production, NOx 

emission, NH3 uptake and nitrogen pollution/removal. Note that is just a limited 

number of services/flow, e.g. freshwater loss due to evapotransipartion is considered a 

disservice while we did not consider the benifical effect of evapotranspiration: the 

counteracting of global warming by surface cooling (Bonan, 2008). 

The management and environmental change scenarios represent the possible (indirect) 

influence we have on the forest. The ANAFORE model results of these scenarios 

therefore stand for the potential (indirect) effects which might occur through our 

actions on the forest, e.g. less wood growth by the forest induced by too much harvest. 

In latter model, the new PM removal submodel was integrated (chapter 3). In practice, 

three management and three environmental change scenarios were applied, resulting 

in nine overall scenarios.  

Following main results were obtained. The monetary valuation results highlight the 

importance of services provided by the forest, with a total yearly average of 361-1242 

euro ha-1 yr-1. PM2.5 removal is the key service with a value of 622-1172 euro ha-1 yr-1. This 

is a factor 2.5-8.6 higher than the earlier mentioned rental price. Concerning 

environmental impact assessment, with CO2 sequestration and thus the prevention of its 

damage as the most relevant contributor, a yearly average prevention in loss of healthy 

life years of 0.014 to 0.029 ha-1 yr-1 is calculated. There is however a yearly average 

biodiversity loss of -1.09E-06 to 7.3E-05 species*yr ha-1 yr-1, mostly through the intensive 

land use but counteracted by CO2 sequestration with 46-101%. The differences between 

climate scenario results are inferior to the discrepancies induced by the management 

scenarios. Regarding environmental change we can conclude that the less pollution of 

mainly PM2.5 through more stringent legislation, the less there can be pollution removal, 

an ecosystem service, and thus overall value provided. Concerning management 

scenarios, both approaches favor the use of the least intensive management scenario 

mainly since CO2 sequestration and PM removal are higher for these, latter induced by a 

higher needle surface area per ground area. Our framework has thus resulted in the 

clear selection of the best management scenario of the considered ones and this for the 

accounted ecosystem services/flows. 

Overall, different methodological aspects were improved. Though, there are still a lot of 

methodological 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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qlmf` fp7 þTef`e fp jlob fjmloq^kq ql j^fkq^fk7 j^k lo k^qrob<ÿ+ > pfjmib `lk`bmqr^i 

framework was proposed for sustainability assessment in which the total 

impact/benefit on human well-being was put central again, in correspondence with the 

original definition of sustainable absbilmjbkq7 þqeb absbilmjbkq qe^q jbbqp qeb kbbap 

of the present without compromising the ability of future generations to meet their 

ltkÿ(WCED, 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 van de noodzaak aan een 

duurzame relatie met de natuur. Om deze duurzame verstandhouding te bekomen, moet 

onder andere door onderzoek ontrafeld worden welke beheervormen van 

humaan/industriële 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 geïllustreerd met bosecosystemen. Laatstgenoemd 

type ecosysteem is van groot belang aangezien het 30% van het landoppervlak beslaat 

en essentiële diensten aan de mens biedt (FAO, 2010). Een uitdaging die we wilden 

overwinnen bij de selectie van het beste beheersscenario, is het includeren van de 

dynamische respons van (bos)ecosystemen, zoals ondermeer het effect van 

houtdunningen op bosgroei en dus op opname van koolstofdioxide. Specifieke methodes 

werden hiertoe ontwikkeld of verbeterd. Ter illustratie werden ze toegepast 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 CO2 vastlegging, milieu-impact van een 

geïntegreerde humaan/industrieel-natuurlijk systeem beoordeeld kan worden 

(hoofdstuk 2). Wij focussen hier op de levenscycli van producten, dergelijke systemen 

zijn de verzamelingen van verschillende processen die aangewend worden tijdens de 

productie, het gebruik en finale verwerking van het product. Een casestudie werd 

uitgevoerd op de levenscyclus van 1 m3 gezaagd hout, dit omvat de groei van stamhout 

in het grove dennenbestand, industriële verwerking tot zaaghout, gebruik van deze en 

finale verbranding ervan. De resultaten van deze studie tonen aan dat (de houtgroei in) 

het bos verantwoordelijk is voor het grootste aandeel van de milieu-impact. Aangezien 

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

van een natuurlijk bos. Dit verlies, dat schade aan ecosystemen representeert, was 

verantwoordelijk voor bijna alle diversiteitsverlies over de volledig beschouwde 

levenscyclus: 1.60E-04 soorten*jr m-3 gezaagd hout. Daarnaast werd het grove 
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dennenbestand ook aangeplant en intensief beheerd wat inhoudt dat de groei van 

natuurlijke vegetatie voorkomen werd op deze locatie, wat leidde to het grootste verlies 

aan de natuurlijke grondstoffen over de keten, uitgedrukt in exergie (de hoeveelheid 

energie die men uit een grondstof kan halen ten opzichte van de standaardomgeving): 

3.99E+02 GJex m-3 gezaagd hout. Inzake impact op menselijke gezondheid, voorkwam dit 

systeem een verlies van 5.11 gezonde menselijke levensdagen m-3 gezaagd hout. Laatste 

is voor 77% toe te kennen aan de filtering, door depositie op het plantoppervlak, van fijn 

stof met een diameter < 2.5 µm (FS2.5) uit de lucht. Deze studie toont het potentieel 

belang aan van het in beschouwing nemen van ecosystemen in duurzaamheidsanalyse. 

Sinds verwijdering van fijn stof (FS) een relevante geleverde dienst door het bos blij kt te 

zijn, hebben we een model ontwikkeld om de verwijdering van FS door een 

bosecosysteem te kwantificeren (hoofdstuk 3). Meer specifiek berekent dit model de 

hoeveelheid fijn stof afgewassen van het plantoppervlak via regenval na netto-depositie 

op het oppervlak. Voor het grove dennenbestand calculeerden we een verwijdering van 

6,58 kg FS2.5 ha-1 jaar-1 voor het jaar 2010. Het integreren van dit model in een groter 

bosgroeimodel ANAFORE (Deckmyn et al., 2011, 2008), laat toe om FS verwijdering te 

bepalen over de loop van de tijd heen terwijl het bos groeit onder verschillende 

omstandigheden. We hebben dan ook FS verwijdering voor het grove dennenbestand 

tijdens de periode 2010-/-0- hrkkbk _bm^ibk sllo sbop`efiibkab qlbhljpqp`bk^oflÿp nr^ 

FS2.5 luchtconcentratie. De uitgerekende geschatte vermeden gezondheidskosten als 

gevolg van FS2.5 sbotfgabofkd sllo abwb p`bk^oflÿp _baolbd 6.2-1075 euro per hectare 

per jaar. Ebq sbodbifghbk s^k abwb t^^oabk jbq bbk erromofgp s^k .10+3 ᴼ e^-1 jaar-1 (op 

basis van de verkoopprijs voor het bestand van 16 000 O  ha-1, bekomen van de huidige 

eigenaar Agentschap van Natuur en Bos, en op een lokale verkoop- tot huurprijs ratio) 

illustreert mogelijks het onderschatten door de samenleving van (deze 

ecosysteemdiensten geleverd door) dit bos. 

Daarnaast werd de methodologie Ecologische netwerkanalyse, Ecological Network Analysis 

(ENA), verbeterd voor toepassing in duurzaamheidsanalyse (Schaubroeck et al., 2012) 

(hoofdstuk 5). ENA is een methode om de fluxnetwerken tussen bepaalde 

ecosysteemcompartimenten over een periode heen aan de hand van indicatoren te 

bestuderen en karakteriseren, bijvoorbeeld het hergebruik (cycling) van stikstof tussen 

verschillende trofische niveaus van een bosecosysteem over het verloop van een jaar. 

Belangrijkste mogelijke applicaties en reden tot verbetering van ENA in 

duurzaamheidsanalyse, is dat een verandering in een ENA-indicator een impact op de 

ecosystemen kan representeren, als alternatief voor verlies aan diversiteit, en 

ecosysteemfluxnetwerken, bestudeerd via ENA, gemakkelijk kunnen worden 

geïntegreerd 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. Er zijn nog geen standaarden voor de verschillende keuzes die 

gemaakt kunnen worden bij het uitvoeren van de ENA methode. Deze hebben weliswaar 

een invloed op de bekomen indicatorwaarden. Vandaar dat het definiëren van 

dergelijke standaarden een belangrijke volgende stap hoort te zijn in dat 

onderzoeksgebied. 

In het kader van de algemene doelstelling van dit doctoraat werden een milieu-

impactanalyse en een monetaire beoordeling van ecosysteemdiensten van het grove 

dennenbestand onder verschillende klimaat- en beheerscenarios voor de periode 2010-

2090 uitgevoerd (hoofdstuk 4). Om de ecosysteemdiensten in geldwaarden uit te 

drukken, werden specifieke monetaire waarden geldig voor Vlaanderen aangewend, 

_fgsllo_bbia .2- ᴼ hd-1 fijn stof < 2.5 µm (FS2.5) (Broekx et al., 2013; Liekens et al., 2013b). 

Ondiensten (bijvoorbeeld emissie van NOx door het bos) zijn ook in beschouwing 

genomen. Aan deze werden negatieve economische waarden toegekend. Een 

methodologie voor milieu-impactanalyse werd toegepast met behulp van ons eerder 

vermeld raamwerk waarin de opname van schadelijke stoffen zoals CO2 wordt 

beschouwd (Schaubroeck et al., 2013), dus zowel het mitigerend als het schadelijk effect 

werd beoordeeld. De beschouwde fluxen/ecosysteemdiensten in deze analyse zijn: 

verwijdering van fijn stof (FS2.5 en FS2.5-10), verlies aan zoetwater, CO2-opslag, 

houtproductie, uitstoot van NOx, NH3 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 evapotranspiratie door koeling van het aardoppervlak, wat de 

globale opwarming tegenwerkt, is niet in beschouwing genomen (Bonan, 2008). 

De beheer- en klimaatscenarios vertegenwoordigen de mogelijke (indirecte) invloed die 

de mens op het dennenbestand heeft. De resultaten van het ANAFORE model onder deze 

verschillende scenarios, stellen dan de (indirecte) effecten van onze acties op het bos 

voor, bijvoorbeeld minder houtgroei bij te veel oogst. Het toegepaste ANAFORE model 

bevatte ons ontwikkeld model voor fijn stof verwijdering (hoofdstuk 3). Specifiek 

werden drie beheer- en drie klimaatscenario's toegepast, wat resulteerde in negen 

^idbjbkb p`bk^oflÿp+ 

De volgende resultaten en conclusies werden bekomen uit deze analyse. De in geld 

uitgedrukte ecosysteemdiensten van het bos benadrukken ten eerste het belang van 

deze, dit met een totaal jaarlijkse gemiddelde van 361-1242 euro per hectare bos per 

jaar. Dit is een factor 2.5-8.6 hoger dan de eerder vermelde huurprijs ha-1 yr-1. FS2.5 

verwijdering is de belangrijkste ecosysteemdienst, aan een waarde van 622-..4/ ᴼ e^-1 

jaar-1. Betreffende analyse van de milieu-impact, waarbij CO2-opslag de meest relevante 

dienst is, werd een jaarlijks gemiddelde preventie van verlies van 0,014-0,029 gezonde 

menselijke levensjaren ha-1 jaar-1 bekomen. Er is echter een jaarlijks gemiddeld verlies 
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aan biodiversiteit van 7.3E-05 tot -1.09E-06 soorten*yr ha-1 jaar-1. Dit is grotendeels 

veroorzaakt door het intensieve landgebruik maar ook teniet gedaan door CO2-opslag 

aan 46-101%. Het verschil tussen uitkomsten 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 FS2.5 door strengere wetgeving tot minder verwijdering van desbetreffende 

polluenten leidt, en daarmee de totale hoeveelheid geleverde diensten door het bos doet 

sbohibfkbk+ Nr^ _bebbop`bk^oflÿp) c^slofpbobk _bfab _bk^abofkdbk ebq db_orfh s^k ebq 

minst intensief scenario omdat CO2-opslag en FS verwijdering 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 werd, dit natuurlijk wel enkel voor de beschouwde 

ecosysteemdiensten en -fluxen. 

Verschillende methodologische aspecten van duurzaamheidsanalyse werden verbeterd 

en geïntroduceerd. Echter, er zijn nog veel verbeteringen nodig. Tijdens het uitvoeren 

van deze studie werd het duidelijk 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 hierbij is: 'Wat is belangrijker om 

te behouden/beschermen: de mens 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 duurzame 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 voorzien' (WCED, 1987). 
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1.1 A need for a sustainable relationship between nature and 

mankind 

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

bksfolkjbkq %qeb þb`lpmebobÿ (Huggett, 1999)), from oxygen 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 quality (Smith and Zeder, 

in press). As the role of humans in the ecosphere became ever more prominent, an 

abstract boundary was drawn between this collection of processes, the so called 

þerj^k,fkarpqof^i pvpqbjÿ lo þqb`eklpmebobÿ) ^ka qeb obpq lc qeb bksfolkjbkq) jlpqiv 

obcbooba ql ^p þk^qrobÿ) _bpfabp j^khfka fqpbif that we consider as a separate entity 

(Figure 1.1). 

 

 

Figure 1.1. Flows, material and non-material, 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 illustrated with 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 processes and activities on 
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our own health, on nature and the rest of the human/industrial system (Carson, 2002; 

Rockström et al., 2009). In this context, the need for a sustainable development, being 

āqeb absbilmjbkq qe^q jbbqp qeb kbbap lc qeb mobpbnt without compromising the ability 

lc crqrob dbkbo^qflkp ql jbbq qebfo ltkĂ) t^p `^iiba cloqe fk qeb c^jlrp ?orkaqi^ka 

commission (WCED, 1987)+ Fk mo^`qf`b) qefp fp lcqbk fjmibjbkqba ^p qeb þQofmib ?lqqlj 

IfkbĂ7 pl`f^i) bksfolkjbkq^i ^ka b`lkljf` prpq^fk^_fifqv (Elkington, 1999). However, 

environmental sustainability should be prioritized because a society and its economy 

are bounded by planetary/environmental limits, e.g. a limited amount of fresh water 

(Griggs et al., 2013; Muys, 2013). Here 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 through human 

management/intervention, e.g. reduction in global warming gas emission by converting 

a swamp to a rice field (Jiang et al., 2009).  

The dynamic responses of all the main actors makes the achievement of an 

environmental sustainable relationship though a hard nut to crack. An alteration of 

nature (by flows 2 and 5 in Figure 1.1) might change or even endanger the provision of 

products and services of it to humans (flow 6 and indirect flow 1 in Figure 1.1), e.g. 

drought induced by climate change may lead to loss of harvestable biomass and 

recreational services of an ecosystem (Banerjee et al., 2013). A change in industrial 

processes by mankind will also have an impact on humans, a feedback. These dynamic 

responses and the indirect effects they induce should be accounted for as well (dotted 

lines Figure 1.1).  

Overall, tools are needed/developed that assess the environmental sustainability of the 

relationship between mankind (possibly via its industrial system) and nature, and that 

cover the indirect effects evoked through dynamic responses of these systems. The most 

important tools and their shortcomings are addressed shortly in 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 skyrocketed since the 

Brundtland report written in 1987 (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 flows 2 and 3 of Figure 1.1). Different 

methodologies have been developed, with the main difference between them the entity 

to which they attribute and normalize this impact: to a product or service (life cycle 

assessment), to a region or project (environmental impact assessment), to a substance 

flow over time (substance flow analysis) (Heijungs, 2001). For convenience, we 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 environmental impact, only the damage aspect of it, of resource 

extraction and emissions of a human/industrial molar`qÿp ifcb `v`ib (ISO, 2006a, 2006b) 

(Figure 1.2). 

 

Figure 1.2. 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/industrial system is often not considered. 



Introduction 

 5 

On the other hand, another important tool in environmental sustainability assessment 

of the man-k^qrob obi^qflkpefm bufpqp7 qeb þb`lpvpqbj pbosf`bpÿ ^ppbppjbkq+ B`lpvpqbj 

services are described as the direct (flow 6 of Figure 1.1, pg. 2) and indirect (flow 1 of 

Figure 1.1, pg. 2) contributions of ecosystems to human well being (de Groot et al., 2012; 

Maes et al., 2013), well described in the work of Hassan et al. (2005) (Figure 1.3). The 

ecosystem services span a wide range of commodities, e.g. for forests from wood to 

recreation. This concept and thus also corresponding tools which only assess these 

services, emphasize on benefits of an ecosystem towards mankind. 

 

 

Figure 1.3. Concept of ecosystem services, the services provided by ecosystems towards 
mankind (Hassan et al., 2005). The different types of services are presented with 
some examples.  

One could consider that these two types of tools are presumably derived from two 

afccbobkq %mlmri^o& bksfolkjbkq^i m^o^afdjp7 þqeb erj^k,fkarpqof^i pvpqbj e^ojp 

k^qrob ^ka j^khfkaÿ clo I@> ^ka þk^qrob fp dlla clo j^khfkaÿ clo b`lpvpqbj pbosf`bp 

assessment. Both are one-sided perspectives. A more comprehensive approach is 

therefore needed, which includes all relationships between humans and nature, the 

harmful and beneficial ones, from nature to mankind and vice versa. An overall 

methodology to cover all these fluxes ( Figure 1.1, pg. 2) and their damaging and 

beneficial aspects, is though still lacking. This is a first important need. 

The mentioned methodologies might include some modelling of the human/industrial 

system and nature to assess indirect effects, e.g. airborne industrial emitted NOx can 

form particulate matter which harms mankind, though this is often in a preliminary 
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manner assessed using predefined characterization factors (Goedkoop et al., 2009). 

Better models, discussed in the next section, should be used in combination or 

integrated into previous assessment tools, representing a second relevant need. 

1.3 Tools to quantify dynamic responses of and their induced 

indirect effects between mankind and nature 

To characterize indirect effects, including feedback loops, in the flows/relationships 

between mankind, its human/industrial system and nature, depicted in Figure 1.1, pg. 2, 

measurements/observations or models can be used. In light of obtaining an 

environmentally sustainable relationships under changing conditions (such as climate 

change), predictive models to characterize 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: through 

work and management humans indirectly obtain products from this system. Economic 

jlabip ^ob rpba ql mobaf`q qeb pvpqbjÿp mbocloj^k`b+ > ilq lc obpb^o`e fp alkb lk qefp 

matter, see the work of Basu and Kronsjo (2009) for an overview, but it is not the focus 

in this manuscript. 

We focus on environmental sustainability and will only consider modelling of 

ecosystems. A review on ecological modelling is given by Fath et al. (2011). One of the 

most applied models are the empirical models which predict wood growth and stand 

characteristics of forest under certain management practices (Pretzsch, 1999).  

Note that integrated models exist, which model both nature and the human/industrial 

system, though these are not used in our study, since as mentioned we will only include 

ecosystem modelling. A fine example of an integrated model is that of Arbault et al. 

(2014). 
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1.4 Forests and their ecosystem services, with focus on 

particulate matter removal 

In this work we will study one specific ecosystem type and its interactions with 

mankind, namely the forest. According to the Food and Agriculture Organization (FAO, 

2010), a forest is defined ̂ p7 āI^ka pm^kkfkd jlob qe^k -+2 eb`q^obp tfqe qobbp efdebo 

than 5 meters and a canopy cover of 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+Ă Fq fp lkb lc qeb j^fk b`lpvpqbj qvmbp lc k^qrob ^p clobpqp `lsboba 

approximately 31% of the world land area, just over 4 billion hectares, in 2010 (FAO, 

2010) (Figure 1.4).  

 

 

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% per year between 1990-2000 to 0.13% between 2000-2010 

(FAO, 2010). This deforestation is mainly due to conversion of forests to agricultural 

land. As other land uses often offer more direct benefit to mankind, the various benefits 

of forest are  frequently overlooked (Figure 1.5). Renewable production of wood is a 

unique irreplaceable asset of forests. In 2005 3.4 billion m3 wood 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., 2011). Next to that, removal of particulate matter by forests, through 

deposition on plant surface, is regarded as an important provided service (Fowler et al., 

2009; Nowak et al., 2013). Though research is still needed to model the quantity of 

particulate matter removed (Petroff et al., 2008; Pryor et al., 2008). In this work we will 

attempt to quantify this service in a better manner.  
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Figure 1.5. Designated/primary functions of forests in 2010 (FAO, 2010). Percentages 
represent share of forests which has this specific designated/primary function.  

Regarding all these provided services, deforestation is by consequence also 

counteracted by afforestation to maintain this crucial ecosystem and its goods and 

services (FAO, 2010). Research is however still ongoing and needed to 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 Objectives and outline of  the work 

The overall aim is the development of an improved framework, in which the 

environmental sustainability of the man-nature relationship is better assessed, while 

including the dynamic response of ecosystems, e.g. to climate change, to highlight best 

ecosystem management practices, this illustrated with an application on a man-forest 

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 bidirectional relationships (damaging and beneficial) between man-

nature and a need for integration with ecosystem models to better address the dynamic 

response of ecosystems, evoking indirect effects, both shortcomings are mentioned in 

section 1.2, pg. 4.  
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In the given context, four main objectives are defined: 

1. Development/improvement of an LCA-based tool to assess the environmental 

sustainability assessment of the bidirectional man-nature relationship, in 

particular an integrated human/industrial-natural system, in a better manner. 

2. The development of a model to quantify one of the most relevant ecosystem 

services, more precisely particulate matter removal by a forest. 

3. Providing a framework that addresses the above mentioned overall aim. 

Research question: How to pinpoint the most environmentally sustainable way of managing 

an ecosystem, in this case 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 tangible. More precisely, the methodological 

improvements were applied to one specific forest ecosystem, a Scots pine stand, 

discussed in the next section, 1.6. 

To better grasp, 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/industrial 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 an ecosystem, in this case a Scots pine stand? 

To realize these objectives, different studies have been performed. These are presented 

fk qeb afccbobkq `e^mqbop lc qefp afppboq^qflk _bpfabp þFkqolar`qflkÿ %chapter 1), and 

þ@lk`irpflkp ^ka mbopmb`qfsbpÿ %chapter 6). 

First, to achieve the first objective, tools to assess the environmental sustainability of 

the mankind-nature relationship/flows were improved in chapter 2. In this particular 

chapter, we erased the abstract boundary between the human/industrial system 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 also the impact 

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 conclusion of this chapter was 

that deposition of airborne particulate matter smaller than 2.5 µm (PM2.5) on plant 

surfaces of a forest ecosystem can be the most important benefit over the complete life 

cycle for human health, even more than CO2 sequestration, provided by a forest. Prior to 

addressing forest ecosystems in a dynamic manner, a model needed to be developed to 

quantify this PM removal better (second objective), which is done in chapter 3. 

In chapter 2 only a static approach was considered, without a dynamic response of the 

systems. Therefore, the developed new methodological framework was integrated with 

a forest growth model, ANAFORE (Deckmyn et al., 2011, 2008), for different management 

and climate scenarios in chapter 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 al. (2009) point out that this approach only 

covers the loss/change in information and not that of material and energy. In search for 

alternatives, Ecological Network Analysis (ENA) was improved to potentially meet this 

demand, elaborated in chapter 5. Next to that, because of the same mathematical 

backbone of ENA and LCA, ecosystem flow networks of ENA-studies can be easily 

integrated in the framework of chapter 2 to include ecosystems in product life cycles. 

Figure 1.6 gives an outline of the dissertation. 
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Figure 1.6. Outline of the PhD dissertation.  



Including man-nature relationships in environmental sustainability assessment of forest-based production 
systems 

12 

1.6 The Scots pine stand 

The studied forest ecosystem is a managed 2-hectare Scots pine (Pinus Sylvestris L.) stand 

il`^qba fk qeb clobpq þAb Fkpi^dÿ %.2- e^ jfuba `lkfcbolrs/deciduous forest) 20 km NE of 

Antwerp, situated in the Campine region of Flanders (Belgium), country of Europe 

%2.«.5ÿ00ÿÿK) 1«0.ÿ.1ÿÿB& %Cfdrob 4&+ 

 

-  

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 highway 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 al. (2007). 

This site is a level II observation plot of a European program for intensive monitoring of 

forest ecosystems, their vitality, effect on air pollution and carbon flux measurements. 

It has been thoroughly researched in numerous studies, mainly by the University of 

Antwerp and the Flemish research institute for Nature and Forest. For chapter 2 and 5, 

data representative for the period 2001-2002 of the forest 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 stand (Deckmyn et al., 2011, 2008). 

The area of the Scots pine stand has a maritime climate with a mean annual 

temperature of 11 °C and a precipitation of 830 mm (Campioli et al., 2011). The site has a 

flat topography with a slope of less than 0.3% and an elevation of 16 m above sea level. It 
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is also characterized by a high nitrogen deposition of 48 kg N ha-1 yr -1 (Neirynck et al., 

2008). 

The soil is classified as a podzol and consists of an ectorganic layer with a moder type of 

humus, an aeolian sand layer with an hemi-organic surface layer (6-8cm), an eluviation 

horizon and a distinct humus and iron 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 1.2-1.5 m (Baeyens et al., 1993). The soil is moist, but rarely saturated, because 

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

is given by Neirynck et al. (2002) and Janssens et al. (1999).  

Regarding vegetation, Scots pine is a coniferous, evergreen species. It is an abundant 

species in Flanders, the most important considering standing volume (INBO, 2007), and a 

major tree species in Europe (Skjøth et al., 2008; Tröltzsch et al., 2009). The Scots pine 

trees were planted in 1929 and the plot consist only of this tree, considering 100% 

canopy cover (Figure 1.8). Table 1 gives an overview of stand characteristics. In the 

years 2001-2002, the surface area was considered to be covered for 54% by black cherry 

(Prunus serotina Ehrh.), 8% by rhododendron (Rhododendron ponticum L.) and 20% by 

purple moor grass (Molinia caerulea L. Moench), with a non-vegetated area of 18% (Nagy 

et al., 2006). These areal percentages were also used as estimated contributions of the 

different understory species to the understory biomass. 

 

Figure 1.8. The Scots pine stand and its measurement tower, shown in the upper right. The 
not completely closed canopy cover is pictured in the upper left one. The tree 
stand consists of an even-aged single-species as can be seen from the similar tree 
stems on the bottom left and right pictures.  
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Table 1.1. 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. 

Parameter Unit 2001-2002 2010 

Source  (Yuste et al., 2005) (Gielen et al., 2013) 

Used in chapters  2 and 5 3 

Stand density Trees ha-1 377 (winter 2001) ü 361 (winter 

2002) 

361 

Average DBH cm 29 33 

Basal area m2 ha-1 24 31 

Tree height m 21.4 21.2 (2008) 

Tree age years 72-73 80 

 

Management of the forest consisted out of several thinnings but also removal of 

understory vegetation. Latter was repeatedly done until 2001 (Gielen et al., 2013). The 

known harvesting of trees and tree densities over time are mentioned in Table 1.2. 

Frequent thinning occurred between the period 1980-1997, according to Neirynck et al. 

(2008). The thinning of 1999 was however done because of poor site management 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 in the forest. Op de Beeck et al. (2010a) after all mention a gap 

fraction of 42% in the period 2007-2008 (Figure 1.8). 

Table 1.2. Management/ history of the Scots pine stand, the tree density and harvest 
quantities for which numbers are given in literature are mentioned. N/A: data or 
info not available.  

Year Age density Harvest (winter) source 

 years Trees ha-1 Trees ha-1 /  

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 al., 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) 
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During 2001-2002 on average 8 trees ha-1 yr-1 were harvested (Yuste et al., 2005), with 

properties assumed to be equal to the average tree 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/industrial-natural system 

using life cycle assessment; a case study on a forest 

and wood processing chain 

Redrafted from:  

Schaubroeck, T., Alvarenga, R. A. F., Verheyen, K., Muys, B., Dewulf, J., 2013. 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. Environ. 

Sci. Technol. 47, 13578-13586. 
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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 

molar`qÿp ifcb `v`ib+ Fk `lksbkqflk^i I@>p) qeb _lrka^ofbp lc ^ molar`qÿp ifcb 

cycle are limited 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 their (surrounding) 

environment through their resource usage (e.g. nutrients) and emissions 

(e.g. CH4). We therefore propose a LCA framework to assess the impact of 

integrated Techno-Ecological Systems (TES), comprising relevant 

ecosystems and the technosphere. In 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 

encompassing wood growth in an intensively managed forest ecosystem 

and further industrial processing. Results show that the managed forest 

accounted for almost all resource usage and biodiversity loss through land 

occupation but also for a remediating effect on human health, mostly via 

capture of airborne fine particles. These findings illustrate the potential 

obibs^k`b lc fk`irafkd b`lpvpqbjp fk qeb molar`qÿp ifcb `v`ib lc ^ I@>) 

though further research is needed to better quantify the environmental 

impact of TES. 

 

Figure 2.1. Graphical abstract 

  




























































































































































































































































































































































































































