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ABSTRACT  
 
 
To remain within planetary boundaries, global production and consumption must become 
more sustainable and biobased. The transition towards the biobased economy depends on the 
development of new uses of wood, increased material-use and processing efficiency, and 
development of new markets, while keeping supply chains legal and free of deforestation. 
The overarching objective of this thesis was to study how the forest-based bioeconomy can 
be driven by innovation and developed based on legal and deforestation-free supply-chains. 

Regional analysis in North Karelia, Finland (Article I), demonstrates that while 
companies are generally oriented towards innovation, they face significant structural barriers. 
Innovation is hampered by regulatory complexity, financial limitations, and skilled labour 
shortages. 

As the bioeconomy develops, the demand for forest resources is expected to increase. Due 
diligence and enforcement to ensure legal supply chains require scientific verification to 
combat fraud. A global market study (Article II) revealed that while 87% of stakeholders are 
aware of wood identification (ID) tools, their effective uptake is constrained by high costs, 
limited access to reference data, and technical gaps in countries with weaker governance.  

In addition to requiring legal supply chains, the European Union (EU) Deforestation 
Regulation expands requirements to prove that products are sourced without causing 
deforestation. A quantitative risk framework (Article III) reveals that 17% of total EU wood-
based import value is exposed to high-risk origins, with risk profiles varying significantly for 
each commodity. The results highlight where wood ID tools and intensified due diligence 
could focus to ensure market integrity. 

By assessing company innovation and constraints in developing the forest-based 
bioeconomy, estimating the market capacity for wood ID technologies, and developing a tool 
for quantifying risk exposure of trade in legal and deforestation-free wood-based 
commodities, the research presented in this thesis offers tools and insights for private and 
public actors to govern the forest-based bioeconomy. 
 
Keywords: wood identification, legal supply chains, trade risk, deforestation-free 
commodities, bioeconomy innovation, regional development 
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1 INTRODUCTION 
 
 

1.1 Background of the research 
 

The world’s forests are under considerable pressure from the impacts of anthropogenic 
climate change and from humankind’s growing needs for food, wood, fibre, and other 
resources (FAO 2018; Bahar et al. 2020; Karsenty and Dieterle 2020; UNDP 2020). 
Richardson et al. (2023) demonstrated that six of the nine boundaries are transgressed, 
suggesting that Earth is now well outside the safe operating space for humanity. The 
planetary boundary for land system change, for which forest area is used as an indicator, is 
under critical strain (Richardson et al. 2023). The causes of forest decline include illegal 
logging and deforestation, often driven by agricultural expansion to meet increasing global 
consumption. Such processes are often exacerbated by unsustainable agricultural practices 
resulting in degradation of soil health (Pendrill et al. 2019, 2022; Jayathilake et al. 2020; 
Chen et al. 2024).  

In response to widespread environmental degradation, policymakers have developed 
various strategic and regulatory frameworks. One policy approach focuses on the 
development of the biobased economy, which aims to reduce society’s dependence on fossil 
materials by developing biobased alternatives while addressing resource and process 
efficiency, product durability, and waste reduction (Hetemäki and Hurmekoski 2020). 
Production can be decoupled from fresh raw material input by increasing the efficiency and 
utilisation of previously discarded materials from the production process (Lindner and 
Suominen 2017). The smart use of wood resources is one of the goals of the bioeconomy. It 
can be achieved by using wood to substitute fossil-based or more energy-intensive products, 
by prioritising material use over energy use, by valorising wood waste as a renewable raw 
material, and by developing innovative wood and fibre products, among other actions 
(European Commission 2018). While several multinational enterprises have taken leading 
roles in the development of new biobased products, the forest-based bioeconomy comprises 
many small- and medium-sized enterprises (SMEs) whose capacity for innovation is often 
constrained by regulatory burdens (European Investment Bank 2022; Barraza-Botet et al. 
2026). However, these enterprises also have important roles to fulfil in the development of 
the bioeconomy. Therefore, it is important to assess how they may be open to research 
cooperation and innovation and what may act as constraints. 

Along with development of the bioeconomy, the demand for raw wood materials is 
expected to increase, even if wood resources are used more efficiently through the use of 
sidestreams (previously discarded byproducts and, recycling and upcycling; Lindner and 
Suominen 2017; Verkasalo et al. 2019; Kallio and Schier 2021). While the European Union 
(EU) is self-sufficient regarding wood and wood-based products (Konstantinavičienė 2023; 
UNECE 2025), it remains one of the largest wood trading regions in the world.  

Given the increasing demand for wood-based materials and the inherent environmental 
risks thereof, a second policy approach discussed in this thesis concerns how to ensure wood-
based materials are responsibly sourced. This approach aims to use market leverage to reach 
policy objectives by denying products to the EU market when they originate from illegal 
logging, or when their production has caused deforestation or forest degradation (Piabuo et 
al. 2021; Hoare and Kanashiro Uehara 2022). 

In the first decade of the 21st century, the EU was found to be a major importer of wood 
from illegal sources (Dieter et al. 2012). This led the EU to launch the EU Timber Regulation 
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(EUTR; EU 2010). The EUTR requires economic operators to implement due diligence to 
minimise the risk of trading wood-based products of an illegal origin to a negligible level. It 
also requires authorities to be able to verify wood species and origin, as stated in trade 
documents. 

The EUTR, alongside comparable legislation in the United States, Australia, Japan, and 
Korea, has increased the need for wood identification (ID) expertise. This gave impetus to 
the development of science-based tools to unambiguously identify the tree species and 
geographical origin of wood-based products (Lowe et al. 2016; Low et al. 2023). However, 
an assessment was needed as to whether these tools were sufficiently known or used in the 
context of enforcement by competent authorities and in the context of economic operators as 
part of their due diligence. 

In 2023, the EU launched its Deforestation Regulation (EUDR; EU 2023), requiring 
economic operators to prove that imported wood and certain agricultural products have had 
no link to deforestation or forest degradation. The EUDR called for countries to be 
benchmarked according to their risk of non-compliance, with the aim of aligning this risk 
with the due diligence requirements for economic operators and the enforcement 
requirements for competent authorities. While legality risk assessments have previously been 
implemented (Norman et al. 2017; Lin et al. 2021), when this study began, no benchmarking 
methodology existed yet in the context of the requirements put forward by the EUDR. 

 
 

1.2 A role for the regional forest-based bioeconomy 
 

The 2030 Agenda for Sustainable Development and its Sustainable Development Goals 
(SDGs) as well as the Paris Agreement provide an international policy framework to change 
the existing global economic model (Hermwille 2016; Hetemäki et al. 2020). Production and 
consumption need to be transformed so that we can live sustainably within our planetary 
boundaries (Bengtsson et al. 2018; Hetemäki et al. 2020; Richardson et al. 2023). The forest-
based bioeconomy is a key component to transforming the global economy towards 
sustainability, through substitution of energy-intensive or fossil-based products with 
biobased alternatives, alongside the provision of ecosystem services such as carbon 
sequestration, water protection, and biodiversity (Hetemäki et al. 2020; Hassegawa et al. 
2022a,b; Verkerk et al. 2022). This is recognised in the EU bioeconomy strategies, where 
forests are positioned as a pillar of European bioeconomy development (European 
Commission 2018, 2025a). This is to be achieved through the development of new biobased 
products, resource- and energy-efficient production processes, and new service models, in 
conjunction with market, regulatory, and institutional developments to facilitate the transition 
(Pelli et al. 2017; Hetemäki et al. 2020; Hassegawa et al. 2022a). 

Greater reliance on biobased materials is expected to increase demand for roundwood. At 
the same time, sustainable forest management practices, technological improvements and 
efficient utilisation of wood could help address sustainability concerns (Lindner and 
Suominen 2017; Kallio and Schier 2021). This could be facilitated by meeting part of the 
demand for biomass inputs through previously discarded production waste (i.e., sidestreams), 
re-use of components, and recycling of end-of-life products (Verkasalo et al. 2019). 

However, significant challenges remain in the development of the bioeconomy, 
particularly regarding raw materials and the innovation required in the design and 
manufacture of both existing and new processes and products (Hassegawa et al. 2022a). 
Innovations are defined as new or improved products or business processes, or combinations 



13  

thereof, that differ significantly from those previously produced or used by firms and that 
have been introduced to the market or brought into use. Innovation also encompasses the 
developmental, financial, and commercial activities undertaken by firms that are intended to 
result in an innovation (OECD/Eurostat 2018). These issues are relevant to the strategies 
related to the EU and Finnish bioeconomies (European Commission 2018, 2025a; Finnish 
Government 2022). Public and private initiatives have aimed to stimulate research, 
technology development, and innovation (RTDI), and this has been addressed in regional 
policy to a variable extent (Mosley and Van Brusselen 2023). However, relatively little is 
known about the openness of companies to innovation and the modalities that companies 
choose to achieve their innovation objectives and thereby maintain competitiveness in the 
evolving biobased economy.  

Against this background, the Finnish region of North Karelia was chosen to study 
innovation at the company level. North Karelia is a heavily forested region, and its 
bioeconomy stakeholders are well acquainted with the bioeconomy concept. Innovation 
activities in the region have so far focused on wood-based construction, renewable energy 
and forest-based tourism (Briers et al. 2024). Organisations such as Business Joensuu, a 
business development company in the regional capital, Joensuu, play an important role in 
supporting new entrepreneurship, including in the forest-based bioeconomy. However, less 
is known about how established companies approach innovation.  

 
 

1.3 Tools that support legally compliant wood trade 
 

Illegal logging comprises ‘all practices related to the harvesting, processing and trading of 
timber inconsistent with national and sub-national laws’ (Kleinschmit et al. 2016, p. 14). 
Each year, 15%–30% of the total global trade in timber products, 50%–90% of logging in 
many tropical countries, and an total of 51–152 billion US dollars are estimated to be of 
illegal origin (Contreras-Hermosilla 2002; Interpol 2019). Although estimates on the size and 
importance of illegal logging vary considerably, are based on few systematic studies, include 
anecdotal evidence, and are sometimes speculative (Bösch 2021), illegal logging and related 
trade remain significant. Focusing on 37 timber exporting countries, Hoare and Kanashiro 
Uehara (2022) estimated that illegal timber exports represent 40–144 million cubic meters 
roundwood equivalent, accounting for 4%–14% of global exports, representing a value of 7–
30 billion US dollars, for 3%–11% of global export value.  

Illegal logging, associated trade, and corruption were identified as urgent concerns in the 
G8 Action Programme on Forests of 1998, and they remain so. Internationally, Forest Law 
Enforcement, and Governance (FLEG) was developed as a policy response (Colchester et al. 
2006), while trade increasingly came to be seen as providing leverage that importing 
countries could use to require compliance with the law in countries of origin. This resulted 
in legislation in the United States, EU, Australia, Korea, China, and other markets (Tegegne 
et al. 2014; Dlamini and Montouroy 2017; KLRI 2017; Mukpo 2020). These Forest Law 
Enforcement, Governance, and Trade (FLEGT) instruments require economic operators to 
ensure that their wood-based products originate from legal supply chains.  

Despite widespread efforts by more than 50 producer and consumer countries, illegal 
logging remains a concern, and competent authorities continue to uncover evidence of illegal 
activities (Bruch et al. 2019; Wiedenhoeft et al. 2019; Haag et al. 2020). They increasingly 
rely on modern methodologies to assist in identifying wood-based specimens in terms of both 
species and geographical origin. Methods capable of discerning multispectral, genetic, 
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isotopic, or other physical and chemical characteristics have been applied operationally to 
identify both the species and geographical origin of the wood in question (Lowe et al. 2016; 
Schmitz et al. 2020). By enabling such identification, these methods can support law-
compliant operations, much in the same way that remote sensing can encourage forest owners 
to comply with forest legislation (Purdy 2010). The private sector must be able to 
demonstrate compliance with legal due diligence requirements. Economic operators can 
either implement their own due diligence or due care systems, or rely on, for example, third-
party certification of chain of custody. Whichever option they choose, they can integrate ID 
technologies into their due diligence workflows in ways that optimise efficiency and 
effectiveness. This can also help minimise the impact on the wood products chain of custody 
(Kogler et al. 2021).  

Competent authorities are responsible for monitoring and enforcing legislation. While 
monitoring tasks, such as by customs in harbours, require technology that can be deployed 
on the spot and produce results as rapidly as possible, enforcement tasks primarily require 
irrefutable evidence that can be used in court proceedings.  
 
 
1.4 Quantifying the risk for deforestation-complicit wood trade 

 
Deforestation resulted in the loss of 420 million hectares of forest worldwide in the 30 years 
since 1990 (FAO 2020), at a rate of almost 15 million hectares per year during 1990–2015. 
While the rate of forest loss slowed to 10 million hectares per year during 2015–2020 (FAO 
2020), this still corresponds to an area approximately the size of Iceland or South Korea being 
lost each year. Agricultural expansion has a major impact on forest loss (Pendrill et al. 2019; 
West et al. 2025). West et al. (2025) found that 86% of global deforestation occurring 
between 2001 and 2022 can be attributed to crop and cattle production, while major 
economies, including the EU, are responsible for most commodity-linked deforestation.  

In view of a market and policy drive towards responsible consumption and the economic 
leverage that consumers have on market requirements towards economic operators, the 
EUDR was adopted in 2023 (Regulation (EU) 2023/1115). The EUTR (Regulation (EU) 
995/2010) remains in effect until 31 December 2028 for timber and timber products in its 
scope that were produced before 29 June 2023 and placed on the market from 30 December 
2025 (Article 37(2) of Regulation (EU) 2023/1115 (EUDR), as amended by Regulation (EU) 
2024/3234, European Union 2024). EUDR article 3 bars products from the EU market if they 
do not meet three conditions: (a) deforestation free, (b) harvesting and/or processing 
compliant with relevant legislation from the source to the market, and (c) covered by a due 
diligence statement.  

Compared with the EUTR, the EUDR had a larger product scope that also comprises 
agricultural products that represent the largest share of EU-driven deforestation, including 
cattle; cocoa; coffee; palm oil; rubber; soya; and wood-based commodities such as articles of 
wood, pulp and paper, furniture, and prefabricated buildings (Pendrill et al. 2019; European 
Union 2023). Article 29§3 of the EUDR calls for the development of country benchmarking, 
attributing high, low, or standard risk to countries based on three criteria:  

1. the rate of deforestation and forest degradation; 
2. the rate of expansion of agriculture land for relevant commodities; 
3. production trends of relevant commodities and of relevant products. 
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The European Commission called for the development of the benchmarking system through 
a service contract (European Commission 2023). However, the methodology presented in 
this work was prepared in parallel. 

Due diligence requirements for countries labelled as low risk are simpler compared with 
the requirements for standard or high-risk countries. While the assessment of countries is 
separate from the due diligence requirements for economic operators, it is important to 
consider that the operators are required to provide adequately conclusive and verifiable 
information that ‘the relevant products are deforestation-free’ and that ‘the relevant 
commodities have been produced in accordance with the relevant legislation of the country 
of production’ (European Union 2023; see also Article III). Relevant legislation should cover 
issues such as (a) land-use rights; (b) environmental protection; (c) forest-related rules, 
including forest management and biodiversity conservation, where directly related to wood 
harvesting; (d) the rights of third parties; (e) labour rights; (f) human rights protected under 
international law; (g) the principle of free, prior, and informed consent (FPIC), including as 
set out in the United Nations Declaration on the Rights of Indigenous Peoples; and (h) tax, 
anti-corruption, trade, and customs regulations (European Union 2023; see also Article III). 
These issues, which should be addressed by economic operators in their due diligence 
assessments, are not addressed in the EUDR country benchmarking system. However, by 
including an indicator for the quality of governance, one could also consider these topics 
indirectly. 

EUDR Article 10(3) also specifies that wood products covered by a FLEGT license will 
be considered in compliance with the legality requirement of EUDR Article 3(b) – while the 
deforestation-free aspect still needs to be demonstrated. 

At the time of developing the methodology for Article III, no official EUDR country 
assessment had been developed. Norman et al. (2017) evaluated forest legality risk indices 
by combining several global governance and economic indices. Guan and Ip Ping Sheong 
(2019) identified high-risk wood origins based on the Corruption Perception Index proposed 
by Transparency International. Van Brusselen and de Paula-Pires (2019) combined the index 
proposed by Norman et al. (2017) with trade flow data. Lin et al. (2021) published an 
approach based on a reduced set of normalised indices. These indices did not rely on data 
that were specific to land use, land-use change, or the forest sector. However, EUDR country 
benchmarking requires that its three criteria related to deforestation and degradation, 
agricultural expansion, and commodity production trends be considered. 
 
 
1.5 Aims of the research 

 
The overarching objective of this thesis was to study how the forest-based bioeconomy can 
be driven by innovation and developed based on legal and deforestation-free supply chains. 
Through the development of empirical evidence and methodological tools that address key 
governance challenges across global, European, and regional scales, the thesis aimed: (i) to 
determine how research, technology development, digitalisation, and innovation (RTDDI) 
are incorporated into the business practices of regional forest-based companies, and what 
barriers may constrain these innovation processes; (ii) to identify and characterise the 
capacities, awareness, and drivers for effective uptake of legally verified methods in wood 
supply chains; and (iii) to develop and test a quantitative framework for assessing country-
level risks of illegality and deforestation associated with EU imports of wood-based products. 
Together, these objectives provide a coherent analytical basis for understanding how 
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regulatory, technological and organisational factors shape governance and functioning of the 
forest-based sector. 

Each article had its own specific aim and research questions: 
• Article I aimed to develop a perspective on regional bioeconomy by assessing 

openness, barriers and constraints to innovation at the company level. It addressed 
two research questions: How are RTDDI integrated into business development 
practices of regional forest bioeconomy companies? What are the main barriers and 
constraints preventing the regional forest bioeconomy companies from realising the 
full potential of their economic activity? 

• Article II aimed to assess the market for wood ID services in support of legal supply 
chains. It addressed four research questions: What is the awareness about wood ID 
technologies, both by economic operators and by law enforcement actors? What are 
the current capacities of wood ID technologies and the use thereof? What will be the 
need for wood ID technologies in the future? What are the current and projected 
drivers of demand for wood ID technologies and associated services? 

• Article III assessed the risk exposure of EU imports of wood-based products in the 
context of the EUDR. It involved two research questions: How can a country-based 
risk index be developed and tested to guide enforcement and due-diligence efforts 
towards a deforestation-free market of wood-based products, inspired by the EUDR 
country benchmarking assessment criteria? What is the magnitude of potential risk 
exposure of the EU imports of wood-based products from outside the EU (extra-EU 
imports) and how does this differ for the main wood-based products? 
 

 
2 MATERIALS AND METHODS 

 
 

2.1 Companies’ innovation perspectives for developing the regional forest-based 
bioeconomy (Article I) 

 
2.1.1 Approach 

 
The methodology consisted of four steps: definition of the bioeconomy sectoral scope for 
this study; identification of companies and compilation of economic data; development of a 
questionnaire and dissemination; and analysis of the company questionnaire results. 

The sectoral scope of this study included producers of wood-based and non-wood forest 
products; manufacturers of forestry technology; and companies operating in RTDDI, 
information, and services sector. The forest-based bioeconomy was defined across 14 sectors, 
including a clarification of their linkages to corresponding classes of the statistical 
classification of economic activities in the European Community (Nomenclature statistique 
des Activités économiques dans la Communauté Européenne [NACE] Rev.2).  

North Karelian companies were identified within the confines of the selected bioeconomy 
sectors, through expert knowledge such as from Business Joensuu, and with the online 
company directory Fonecta (Fonecta 2021). Macroeconomic data on turnover and 
employment were collected for these companies from the Kauppalehti online business 
intelligence portal (Kauppalehti 2024) to establish a baseline for regional economic 
performance. 
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A questionnaire was developed to gauge market expectations of North Karelian 
companies and their openness towards innovation. The questions collected information on 
the following topics: company profile; company turnover, former and future ten-year trends; 
employment level and trends towards 2030; cost structure; market orientation; RTDDI 
modalities; competitive environment and perceived industrial output capacity; realisation of 
market potential and identification of barriers and constraints thereto. The questionnaire was 
available in Finnish and English. A native Finnish-speaking member of the research team 
contacted companies to facilitate the data collection process.  
 
2.1.2 Data 

 
A total of 96 companies and contact details were identified for North Karelia. For these 
companies, data on turnover and employment were collected for the period 2016–2022. The 
survey yielded responses from 47 companies, consisting of 32 complete and 15 partial 
questionnaires. The number of responses therefore varies between questions. A link was 
maintained between the macroeconomic indicators and the survey responses as input to the 
analysis. 
 
2.1.3 Analysis 

 
The questionnaire was administered with the online QuestionPro platform. The results were 
stored and analysed in Microsoft Excel. Pivot tables were used to aggregate sectoral data. 
The data and trends are visualised using charts. 
 
 
2.2 Wood identification in support of legal supply chains: A market study (Article 

II) 
 

2.2.1 Approach 
 

A combined-methods approach involving a literature review and an online expert survey was 
used to address the four research questions. The literature review was implemented to 
establish the context, to develop the survey in an informed manner, and to interpret the results 
of the survey. This review covered scientific papers; legislation; policy briefs; and reports 
from the corporate sector, international organisations, and non-governmental organisations 
that related to the topic of wood ID. The objective of the online survey was to elicit 
stakeholder perspectives on wood ID technologies and their existing and projected market 
demand (Article II). Responses were gathered using the online survey tool Survey Monkey 
(version 2019). Two wood ID technology user segments were approached through purposive 
sampling: potential users with an interest related to due diligence, and potential users with an 
interest related to law enforcement. The questionnaire responses were stratified based on the 
general governance condition in the respondent countries, determined by the mean of the rule 
of law index (World Justice Project 2022), the corruption perceptions index (Transparency 
International 2022) and the fragile states index (The Fund for Peace 2022). The countries 
were divided into two groups: countries with a governance ranking of ≤0.49 and countries 
with a governance ranking of ≥0.50. 
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2.2.2 Data 
 

The total pool of contacts was developed to obtain a representative balance of user segment, 
governance quality and geographical location. Complete questionnaires were received from 
63 respondents, representing a response rate of 18%. 

 
2.2.3 Analysis 

 
The questionnaire allowed the collection of quantitative and qualitative data. Approximately 
half of the completed questionnaires were from respondents in countries with a higher 
governance ranking and half from countries with a lower governance ranking. Around two-
thirds of the respondents had the due diligence perspective and one-fifth had the law 
enforcement perspective. The respondents’ organisations mostly handled logs and 
sawnwood, although all main product groups were represented. 
 
 
2.3 Risk profiles for EU imports of deforestation-free wood-based products (Article 

III) 
 

2.3.1 Approach 
 

This study used a three-part methodology: development of a risk index, selection of trade 
data and combination with risk categories, and quantification of EU imports by risk category. 

The wood product–focused legality risk index addressed the key criteria of the EUDR’s 
country benchmarking system: deforestation trend, agricultural expansion, and roundwood 
production. These were combined with a general quality of governance index, which is not 
explicitly required by the EUDR benchmarking criteria, although the EUDR refers to quality 
of governance in the context of a qualitative assessment that may influence the risk scoring. 
Quality of governance has also been linked with legality risk in previous studies (Brenton-
Rule et al. 2016; Norman et al. 2017; Lin et al. 2021). In certain cases, forest legality 
legislation or legislative processes in trade-partner countries could increase the value of the 
risk index to the lowest tier of the low-risk category. Examples of this phenomenon include 
FLEGT Voluntary Partnership Agreements (VPAs) and EUTR-like legislation such as the 
U.S. Lacey Act. A proposed calculation approach resulted in possible scores for the Risk 
Index Value (RIV) ranging from 1 (highest risk) to 9 (lowest risk). 

The calculation of the RIV was varied in two experiments. In the first experiment, the 
values assigned to trends in changes in forest area, agricultural land, and roundwood 
removals were varied by applying three different thresholds around the ‘no-change’ value. In 
the basic approach [FAR ± 0.000], the centre point for scoring 5-year changes in forest area, 
roundwood production, and agricultural area (hereafter referred to as FAR) was set strictly 
at zero. Thus, a score of zero is assigned only when there is no change in the respective 
indicator (Article III). Because estimates of these indicators are subject to inherent 
uncertainty and error, two alternative thresholds were tested in a sensitivity analysis to assess 
their effect on the RIV calculation. The second approach [FAR ± 0.001] allows for a band of 
0.1% above or below the FAR value before a point is added to or subtracted from the RIV. 
The third approach [FAR ± 0.010] allows for a band of 1% above or below the FAR value 
before a point is added to or subtracted from the RIV (Article III). 
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The RIV can be calculated as follows (Article III): 
 

RIV = WGI + FAC + RP + AAC 
 

• RIV (1, 2, 3, 4, 5, 6, 7, 8, or 9) 
o 7–9: low risk 
o 4–6: medium risk 
o 1–3: high risk 

• WGI: World Governance Index (4, 5, or 6) 
o 6 for high governance quality (66 < WGI ≤ 100) 
o 5 for medium governance quality (33 < WGI ≤ 66) 
o 4 for low governance quality (0 ≤ WGI ≤ 33) 

• FAC: 5-year percentage change in forest area (–1, 0, or +1) 
o +1 for an increasing trend (FAC > x) 
o –1 for a decreasing trend (FAC < –x) 

• RP: 5-year percentage change in roundwood production (removals) (–1, 0, or 
+1) 
o +1 for a decreasing trend (RP < –x) 
o –1 for an increasing trend (RP > x) 

• AAC: 5-year percentage change in agricultural area (–1, 0, or +1) 
o +1 for a decreasing trend (AAC < –x) 
o –1 for an increasing trend (AAC > x) 

• x ∈ {0%, 0.1%, 1%} 

In the second experiment, the strictest approach from the first experiment [FAR ± 0.000] 
was compared with an approach in which FLEGT licensing, FLEGT-like legislation, or 
engagement in VPA processes resulted in the assignment of a RIV corresponding to the lower 
level of the low-risk category (i.e., a RIV of 7). 

The calculated RIV was overridden and increased to 7 when a country had signed or was 
negotiating a VPA with the EU, or when the country had legislation similar to the EUTR, 
provided that the calculated RIV was less than 7 (Article III).  
 Conversely, the calculated RIV was overridden and decreased to 3 when a country was 
subject to United Nations or EU sanctions banning trade in wood-based products, provided 
that the calculated RIV was higher than 3 (Article III). 
 The country-based RIV constitutes a categorical variable derived from the corresponding 
country-based continuous variables for the WGI, forest area change, roundwood production 
change, and agricultural area change (Article III). The distinctiveness of the nine RIV classes 
with respect to the corresponding FAR components was tested at the 95% confidence level 
using one-way analysis of variance (ANOVA; Article III). The test was conducted for each 
of the different approaches using IBM SPSS software. 
 
2.3.2 Data 

 
The WGI is updated yearly by the World Bank. It consists of the following sub-indices: Voice 
and Accountability, Political Stability No Violence, Government Effectiveness, Regulatory 
Quality, Rule of Law and Control of Corruption (Kaufmann and Kraay 2023). These topics 
very much resonate with the wider areas of implied governance interests expressed in the 
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EUDR. Normalised values of the WGI were used as the starting point in the calculation of 
the RIV.  

The data for forest area, agricultural area, and roundwood production were sourced from 
FAOSTAT (FAO 2024). The FAOSTAT data are reported annually, but the annual values 
are typically interpolated between data points that are 5 years or more apart. The forest data 
in FAOSTAT are sourced from the FAO Forest Resources Assessment (FRA). National 5-
yearly trends were calculated from FAOSTAT data for forest area, agricultural area, and 
roundwood production. These trend data were used to calculate the RIV. All required data 
were compiled to calculate the RIV for any country in the world for the year 2020.  

The trade data were queried from the European Forest Institute (EFI) Forest Products 
Trade Flow Database (EFI 2024), which is based on United Nations COMTRADE data, 
which record global bilateral trade for commodities classified with the World Customs 
Organisation’s Harmonised System (HS) classification. This particular database was used 
because these data are curated according to a procedure for estimating missing data as well 
as replacing data determined to be erroneous outliers. The data of interest are the imports of 
all wood-based commodities within the scope of Annex I of the EUDR, as imported by the 
27 Member States of the European Union (EU27), from any other countries in the world, 
during the year 2020. The commodities of interest are classified into more than 300 products 
of the following HS chapters: 

• HS44: ‘Wood and articles of wood; wood charcoal’;  
• HS47: ‘Pulp of wood’; 
• HS48: ‘Paper and paperboard; articles of paper pulp, of paper or of paperboard’;  
• HS49: ‘Printed paper materials’; 
• HS94: ‘Wooden furniture and parts thereof; and prefabricated buildings of wood’. 

2.3.3 Analysis 
 

EU imports of wood-based products were queried, and the results were downloaded at the 
level of HS 6-digit-coded commodities for each country with which the products concerned 
were traded. The data included the EU-external country of origin, product code, EU 
importing country, quantity in metric tonnes, and value in US dollars, aggregated for the full 
reference year of 2020. These data were appended with the country-based calculated RIV by 
applying XLOOKUP table functions in Microsoft Excel. EU wood-based product import data 
are summarised by value, quantity, and number of extra-EU trading partners at the three 
levels of detail in the HS classification system (chapter level: 2-digit codes; heading level: 4-
digit codes; and sub-heading level: 6-digit codes) by means of pivot tables. 
 
 
3 RESULTS 

 
 

3.1 Companies’ innovation perspectives for developing the regional forest-based 
bioeconomy (Article I) 

 
3.1.1 Sectors in the regional forest-based bioeconomy 

 
The study region of North Karelia harbours a diverse range of companies that can be clustered 
into 12 bioeconomy sub-sectors and a total 29 NACE-compatible industrial activities. 



21  

Together, these companies achieved an annual turnover of 2.8 billion euros, with a full-time 
equivalent (FTE) of 4,200 employees (Article I, p. 4).  

Five bioeconomy sectors each have 13–19 companies and jointly comprise 82% of the 
companies in this study and 63% of the turnover: ‘Forestry and logging’; ‘Manufacture and 
maintenance of forest related technology and machinery’; ‘RTDDI, information, and services 
sector’, ‘Wood-based construction’; and ‘Wood products manufacturing’ (Article I, p. 5). 

 
3.1.2 Integration of research, technology development, digitalisation, and innovation 

into business development practices 
 

A total of 35 North Karelian companies gave feedback on the importance of RTDDI for the 
development of their business; 69% considered RTDDI ‘important’ or ‘very important’ 
(Article I, p. 5). Of these, 21 companies provided additional concise information on the nature 
of their RTDDI investments over the past decade (Article I, p. 5). The reported areas include 
‘development of electronic services and design programmes’; ‘automated data collection in 
log transportation systems’; ‘remote sensing, machine learning, software development for 
forest information systems’; ‘new accounting, invoicing systems using artificial 
intelligence’; ‘significant increase in technological automation’; and ‘new wood-based 
materials that can replace (e.g., tropical) hardwood species in acoustic applications’ (Article 
I, p. 7, Table 2).  

Companies were asked which modality they preferred for implementing RTDDI 
processes. Thirty-two companies indicated reliance on one or another modality, 47% relied 
(though not always exclusively) on ‘in-house (own) RTDDI human resources and 
infrastructure’, and 21 companies (66%) involved ‘some form of external cooperation’ 
(Article I, p. 5). When asked about the funding for the RTDI, 30 companies indicated certain 
preferred funding modalities. Thirteen companies indicated that they relied only on private 
funding, whereas 17 companies indicated that they relied on a mix of private and other types 
of funding. Twelve companies indicated that they relied on mixed public-private funding 
(Article I, p. 6). 

Thirty-one companies shared basic information on cost structures. While ‘Research and 
development costs’ represented an average of 9% of total costs, they formed a substantial 
share in ‘Wood products manufacturing’ (18%), ‘RTDDI, information, and service sector’ 
(25%) and ‘Forest-related technology and machinery’ (16%) (Article I, p. 6).  

Of the responding companies, 75% achieved their turnover on the domestic market 
(Article I, p. 6). Overall, the ‘Wood products manufacturing’ sector achieved the largest share 
of turnover both domestically and in export markets. Although the share of the ‘Forest-related 
technology and machinery’ sector in domestic market turnover was relatively small, it 
represented the second largest exporting sector (Article I, p. 6). 

Fourteen companies across seven sectors indicated they have recent or planned 
investments to increase output capacity, to innovate products or production processes (Article 
I, p. 6). The majority expected generally increasing markets (n = 10) to strongly increasing 
markets (n = 2). For nine of these companies, this could also be linked specifically to 
expectations of growing export markets (Article I, p. 6). In all sectors except the energy 
sector, at least half of the respondents indicated that they expected an increase of the export 
market over the next 10 years (following 2021; Article I, p. 6). 
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3.1.3 Barriers and constraints preventing companies from achieving the full potential of 
their economic activity 

 
Thirty-three companies, representing eight sectors, indicated the types of barriers or 
constraints they considered to be in the way of realising their full potential. The top four 
categories were ‘Legislative or regulatory’ barriers (64%), ‘Financial’ (48%), ‘Availability 
of suitable workforce’ (39%) and ‘Technological’ barriers or constraints (36%; Article I, pp. 
6–7). Other barriers or constraints that impact businesses were related to consumer 
preferences, exports, insurance restrictions, raw material resourcing, intellectual property 
management, or transportation issues (Article I, p. 7). The sectors where most categories of 
barriers or constraints were mentioned were ‘Wood products manufacturing’ and ‘Forestry 
and logging’ (Article I, p. 7). 

 
 

3.2 Wood identification in support of legal supply chains: A market study (Article 
II) 

 
3.2.1 Awareness and willingness to understand wood identification technologies 

 
The vast majority of respondents (87%) had heard about wood ID technologies and services. 
However, most of them (94%) indicated a need to learn more about operational applicability, 
accuracy and costs of the applications (Article II, p. 3).  
 
3.2.2 The level of current capacity and uptake of wood identification technologies 

 
A significant proportion (44%) of respondents indicated that they have in-house wood ID 
capacities, and 36% indicated that they outsource for the services elsewhere. Most of the law 
enforcement respondents reported in-house capacities, which was a relatively higher 
proportion than the due diligence respondents. All of the remaining law enforcement 
respondents indicated that they intended to establish such capacity in the future if they did 
not already have it. The uptake of services was generally higher for respondents in countries 
with a higher governance ranking, while the proportion of desired future uptake of the 
technologies was higher in respondents from countries with a lower governance ranking 
(Article II, pp. 3–4). 

The method that was applied by most respondents concerned basic wood anatomy (both 
microscopic and macroscopic), and this was also the method for which most in-house 
capacities were available. The next most applied method was wood anatomy based on 
machine vision. The most technologically advanced methods were also the ones for which 
services were being outsourced (Article II, p. 4).  

In terms of frequency of reliance on wood ID technologies, 30% of respondents indicated 
that they had used them at least once a week and 13% once a month. Twenty per cent 
indicated that they were needed less than once a year, and another 20% indicated that they 
never used any wood ID technologies. There were clear differences between the due diligence 
and law enforcement user segments: less than 20% of due diligence respondents required 
wood ID technologies at least once a week, while more than 75% of law enforcement 
respondents required technologies at least once a week. Respondents from countries with a 
higher governance ranking generally indicated greater reliance on the wood ID services; 
however, the proportion of respondents using the services at least once a week was slightly 
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higher for those from countries with a lower governance ranking (32%) compared with a 
higher governance ranking (30%; Article II, p. 6).  
3.2.3 Future need for wood identification (in 5–10 years) 

 
When asked about the priority for which wood ID technologies should be applied, 85% of 
respondents indicated species verification and 72% indicated verification of geographical 
origin as the most important. While 69% of respondents already applied the technologies, 
this was expected to rise to 82% in the future (Article II, p. 6). 

The importance of basic wood anatomy was expected to decline in favour of modern 
technologies, but wood anatomy would remain the most important approach used to 
determine wood species. The highest future expectation was given to machine vision–based 
ID, followed by genetics and stable isotopes analysis (Article II, p. 7). 

 Of all the products for which the technologies were applied, 63% of cases concerned 
sawnwood and logs. The respondents also mentioned more advanced products, some of 
which require highly specialised ID technologies (Article II, p. 6). 

When asked to indicate the species for which the application of wood ID technologies 
should be a priority, the respondents mentioned species from all relevant continents, with 
85% of the priority species being of tropical origin. However, priority species requiring the 
urgent development of reference material were mentioned for all forest-covered continents 
(Article II, p. 6).  

Requirements: Five specific expectations clearly recurred in the responses: low cost, 
accuracy, ease of use, reliability of results, and speed of application. The methods that 
combine most, if not all, of these characteristics would be the most successful applications 
(Article II, p. 7).  
 
3.2.4 Drivers of demand for wood identification technologies and associated services 

 
‘Compliance with policy/legislation’ was seen by most respondents (83%) as an ever-
growing driver for the demand of wood ID due to growing awareness about legislation, 
growing enforcement action, and increasing legislative requirements in the main consumer 
markets. ‘Certification compliance’ and ‘customer awareness’ were seen as drivers that 
would gain most from the ‘current’ time (53% of respondents) to the ‘future’ (75% of 
respondents). ‘Procurement requirements’ and ‘reputation management’ were also seen as 
important drivers both at the time of answering the questionnaire (63% and 60% respectively) 
and even more so in the future (75% and 73% respectively; Article II, p. 7).  

‘Reputation management’ was considered more frequently as important by respondents 
from a country with a higher governance ranking, while ‘certification compliance’ and 
procurement requirements were considered more important by respondents from countries 
with a lower governance ranking. The respondents from countries with a lower governance 
ranking expected ‘Customer awareness’ to become much more important in the future 
(Article II, p. 7). 
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3.3 Risk profiles for EU imports of deforestation-free wood-based products (Article 
III) 

 
3.3.1 Risk index 

 
The RIV could be calculated for 181 countries for which data were consistently available 
from FAOSTAT and the WGI. The RIV could not be calculated for approximately 70 
countries and non-sovereign territories that are otherwise represented in the COMTRADE 
dataset, typically small island nations. These countries and territories account for a modest 
proportion of extra-EU imports, representing 2% of total value and 1% of total quantity, 
respectively (Article III, p. 7).  

The significance of the distinctiveness of the nine RIV classes was tested using ANOVA 
for each of the constituent components (WGI, forest area change, agricultural area change, 
and roundwood production change). For each of the three approaches – [FAR ± 0.000], [FAR 
± 0.001], and [FAR ± 0.010] – ANOVA consistently shows that the WGI and forest area 
change demonstrate the most significant differences between the RIV (see Table 1). This is 
particularly clear between high-risk values, on the one hand, and medium- and lower-risk 
values, on the other hand. Agricultural area change values differ significantly between the 
RIV, but the differences are less distinct. No significant difference could be shown for 
roundwood production change values (Article III, p. 7).  
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Table 1 P-values resulting from analysis of variance (ANOVA) testing the distinctness of the 
Risk Index Value (RIV), including the World Governance Index (WGI), 5-year forest area 
change (FAC), the 5-year roundwood production change (RP), and 5-year agricultural change 
(AAC). Values smaller than 0.001 indicate a significant difference between the average data 
within the RIV class. Whiter cells show more significant differences, while greener cells 
indicate less distinct differences between classes. Part (a) shows the analysis results for the 
[FAR ± 0.000] approach, part (b) shows the analysis results for the [FAR ± 0.001] approach, 
and part (c) shows the analysis results for the [FAR ± 0.010] approach. (source: Article III, 
Table 2, pp. 6–7) 
 
(a) ANOVA results for the [FAR ± 0.000] approach 
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(b) ANOVA results for the [FAR ± 0.001] approach 

 
(c) ANOVA results for the [FAR ± 0.010] approach 

 
 

3.3.2 Trade analysis – variation of FAR class bounds 
 

Combining the RIV with the trade data produced the results shown in Table 2, which presents 
EU27 import values, and Table 3, which presents EU27 import quantities for wood-based 
products, summarised by Harmonised System chapter. The analysis covers a total of 51.7 
billion US dollars in extra-EU imports, corresponding to 62.3 million metric tonnes (Article 
III, p. 7). 
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Table 2 EU27 import value (US dollars) of wood-based commodities traded in 2020, 
summarised by Harmonised System (HS) chapter and risk category: high (H), medium (M), 
and low (L). Values are shown as proportions of total traded value for three approaches to 
calculate the Risk Index Value, each using different class bounds for the FAR indicators. NN 
indicates that the country risk could not be determined. P indicates the number of 6-digit 
commodities classified under the HS (version 2017). Cells are colour-coded by percentage, 
from blue for the lowest values to red for the highest values. Due to rounding, percentages 
within a category may not sum to exactly 100%. HS chapter legend: HS44: ‘Wood and articles 
of wood; wood charcoal’; HS47: ‘Pulp of wood’; HS48: ‘Paper and paperboard; articles of 
paper pulp, of paper or of paperboard’; HS49: ‘Printed paper materials’; and HS94: ‘Wooden 
furniture and parts thereof; and prefabricated buildings of wood’. (Adapted from Article III, 
Table 5)  

 
 
 
 
 
 
 
 
 
 
 

 
 

 
Table 3. EU27 import quantity (metric tonnes) of wood-based commodities traded in 2020, 
summarised by Harmonised System (HS) chapter and risk category: high (H), medium (M), 
and low (L). Quantities are shown as proportions of total traded quantity for three approaches 
to calculate the Risk Index Value, each using different class bounds for the FAR indicators. 
NN indicates that the country risk could not be determined. P indicates the number of 6-digit 
commodities classified under the HS (version 2017). Cells are colour-coded by percentage, 
from blue for the lowest values to red for the highest values. (Adapted from Article III, Table 
6) 
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The strictest classification approach [FAR ± 0.000] resulted in the highest proportion of 
trade allocated to the highest-risk category, with 17% of total value and 17% of total quantity. 
The less strict approaches reduced the value and quantity allocated to the highest-risk 
category to 9% of total trade value and 10% of total trade quantity. The more easily a country 
is retained in the ‘no-change’ class, the more countries ‘gravitate’ from both the high- and 
low-RIV categories towards the medium-RIV category (Article III, p. 7).  

The HS chapters with the highest traded quantities are HS44 (Wood and articles of wood; 
wood charcoal), accounting for 64% of total extra-EU imports, and HS47 (‘Pulp of wood’), 
accounting for 15% of total extra-EU imports (Article III, p. 7).  

The HS chapters that are most important in terms of traded value are HS94 (Wooden 
furniture and parts thereof; and prefabricated buildings of wood), accounting for 43% of total 
extra-EU imports, and HS44 (Wood and articles of wood; wood charcoal), accounting for 
24% of total extra-EU imports (Article III, p. 7).  

Wood and articles of wood, and charcoal (HS44) represent the largest overall quantity 
(64% of total imports), with 7% of its quantity classified as high risk. Specific high-risk 
segments include Fuelwood (HS4401), Industrial Roundwood (HS4403), and Sawnwood 
(HS4407), which together account for 80% of the imports of commodities in HS44 (Article 
III, p. 7). 

Pulp of wood (HS47) represents the HS chapter with the highest proportional risk under 
the strictest risk classification approach [FAR ± 0.000], with approximately 48% of the 
import quantity and 57% of the import value originating from high-risk countries. This is 
primarily linked to the HS headings for chemical wood pulp (Chemical wood pulp, dissolving 
grades (HS4702); Chemical wood pulp, soda or sulphate, other than dissolving grades 
(HS4703)) and Waste and scrap of paper and paperboard (HS4707). Under the less strict risk 
categorisation approaches – [FAR ± 0.010] and [FAR ± 0.001] – the proportion of Pulp of 
wood (HS47) import quantity assigned to the high-risk category was reduced to 35% under 
both approaches, while the proportion of import value assigned to the high-risk category was 
reduced to 35% and 34%, respectively (Article III, p. 7). 

Wooden furniture and parts thereof; and prefabricated buildings of wood (HS94) 
comprise the highest total import value (over $22 billion) but maintain the lowest 
proportional value in the high-risk category (approximately 4%–7%, depending on the 
approach used to calculate the RIV). Commodities in Printed Materials (HS49) are likewise 
consistently represented in the low-risk category (approximately 53% of value; Article III, p. 
7). 
 
3.3.3 Trade analysis – inclusion of FLEGT considerations 

 
Acknowledging FLEGT licensing, the involvement of countries in a VPA process, or the 
presence of EUTR-like legislation results in a lower risk classification in the FLEGT-
conscious approach. FLEGT licensing is currently applied only to trade in wood-based 
products from Indonesia and Ghana. Acknowledgement of FLEGT licensing alone (see [FAR 
± 0.000 | FL] in Table 4 and Table 5) therefore has a limited impact on the allocation of 
commodities to the low-risk category. The wider FLEGT-influenced risk-scoring approach, 
based on the assumption that future forest-sector governance in these countries will become 
de facto compliant with the EUDR, shows significant changes in the risk profiles of EU 
imports (see [FAR ± 0.000 | LA] in Table 4 and Table 5 (Article III, pp. 8–9).  
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Table 4. EU27 import value (US dollars) of wood-based commodities traded in 2020, 
summarised by Harmonised System (HS) chapter and risk category: high (H), medium (M), 
and low (L). Values are shown as proportions of total traded value for the basic approach to 
calculate the Risk Index Value [FAR ± 0.000] and two alternative approaches that adjust Risk 
Index Value based on FLEGT licensing [FAR ± 0.000 | FL] or VPA involvement and EUTR-
like legislation [FAR ± 0.000 | LA]. NN indicates that the country risk could not be determined. 
P indicates the number of 6-digit commodities classified under the Harmonised System 
(HS17). Cells are colour-coded by percentage, from blue for the lowest values to red for the 
highest values. (Adapted from Article III, Table 7) 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 5. EU27 import quantity (metric tonnes) of wood-based commodities traded in 2020, 
summarised by Harmonised System (HS) chapter and risk category: high (H), medium (M), 
and low (L). Quantities are shown as proportions of total traded quantity for the basic approach 
to calculate the Risk Index Value [FAR ± 0.000] and two alternative approaches that adjust 
the Risk Index Value based on FLEGT licensing [FAR ± 0.000 | FL] or Voluntary Partnership 
Agreement involvement and EUTR-like legislation [FAR ± 0.000 | LA]. NN indicates that the 
country risk could not be determined. P indicates the number of 6-digit commodities classified 
under the Harmonised System (HS17). Cells are colour-coded by percentage, from blue for 
the lowest values to red for the highest values. (Adapted from Article III, Table 8) 
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4 DISCUSSION AND CONCLUSIONS 
 
 
4.1 Relation to the main scientific objectives 

 
The overarching objective of this thesis was to examine how the forest-based bioeconomy 
can be driven by innovation and develop based on legal and deforestation-free supply chains. 
The three articles confirm that the conditions arise from the interaction between regulatory 
frameworks, technical and technological capacities, and organisational capabilities. 

Article I addresses the first objective of this thesis by assessing innovation approaches 
and constraints in a regional forest-based bioeconomy. Many companies recognise the 
importance of RTDDI but face significant financial, regulatory, skills-related, and 
technological constraints. The heterogeneity of innovation modalities, with a preference for 
internally driven innovation, and a relatively low degree of engagement with academic 
partners, reveals structural challenges that may reduce the pace of the bioeconomy transition 
at the regional scale. A lack of skilled personnel was also indicated as a constraint for the 
availability of wood ID services (Article II). 

Article II highlights that unbiased verification of legality can be achieved through mature, 
accessible and geographically representative wood ID technologies. Science-based wood ID 
tools are more easily accessible to due diligence actors and law enforcement agencies in 
countries with stronger governance. More technology-specific reference data are needed to 
increase the geographical resolution and species relevance of the tools.  

Article III focuses on the development and testing of a country-based legality and 
deforestation risk index, inspired by the EUDR country assessment requirements. 
Governance quality and forest-area dynamics provide the strongest link to the calculated 
country RIV. EU import exposure varies considerably across commodity groups, with wood 
products (HS44) and wood pulp (HS47) having the highest proportions of quantity labelled 
as high risk. The risk index approach is a transparent and temporally reproducible framework 
that complements official EUDR benchmarking and informs which products and origins may 
warrant intensified due diligence or enforcement.  

Commodities and products of tree species from countries labelled as high risk could also 
be prioritised for the development of reference data for wood ID technologies (linking 
Articles II and III). Country benchmarking may also be used to inform the prioritisation of 
third-country partnerships, facilitating targeted EU cooperation to enhance forest sector 
governance. 

 
 

4.2 Companies’ innovation perspectives for developing the regional forest-based 
bioeconomy (Article I) 

 
Research, technology development, digitalisation, and innovation are important components 
for the development of regional bioeconomies. Companies in the study region were found to 
be engaged in product, process, organisational, and/or marketing innovation. The drivers for 
the innovations were market demand, technological advancements, environmental concerns, 
and supportive policies. Encouraging and fostering innovation within the bioeconomy sector 
can facilitate its resilient and sustainable development and enhance its ability to address 
future challenges.  
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While 69% of the companies considered RTDDI to be important or very important, not 
all production or process improvements can be achieved by companies on their own. 
Companies may depend on third parties particularly for digitalisation, automation, and 
mechanisation-based innovations. The sectors do not work in isolation and in practice cross-
sectoral innovation links sectors such as ‘RTDDI, information and services sector’ or 
‘Manufacture and maintenance of forest related technology and machinery’ as drivers of 
innovation in more downstream sectors such as ‘Forestry and logging’ and ‘Wood product 
manufacturing’. It is important to recognise such interdependencies to ensure they are 
considered in the development of the region’s innovation potential. 

Proximity and connectedness of entities in innovation clusters can be beneficial to the 
adoption of innovations (Turkina and Van Assche 2018; Ferras-Hernandez and Nylund 
2019). In this context, business acceleration services such as those provided by Business 
Joensuu have a strategic role in advancing collaboration between local partners, including 
universities, business, research institutes, networks and associations. 

However, a significant number of companies relied solely on private funding for their 
RTDI activities. The preferred RTDI modalities concerned in-house resources, followed by 
innovation involving external collaborators and ideas. Two-thirds of the companies indicated 
that they involved some form of external cooperation to achieve their RTDDI goals. Only 
around 6% of companies indicated joint research and development (R&D) with academic 
institutions, which is a rather low share and seemingly a missed opportunity considering the 
availability of high-level forestry and bioeconomy education and scientific research in the 
region.  

Companies indicated that they were affected by a range of constraints related to 
regulations, finances, raw materials, human resources, and technical aspects that prevented 
them from realising their full economic potential. These findings are consistent with the 
constraints identified in previous studies (Borgström et al. 2016; Bennich et al. 2018; Reim 
et al. 2019; Hassegawa et al. 2022b; Verkerk et al. 2022; Pender et al. 2023; Hetemäki et al. 
2024). 

Constraints pose challenges, implicitly requiring innovation to develop solutions that 
work around perceived impediments to economic success. They need to be addressed by 
coalitions of the most suitable actors, depending on the objectives they want to reach. 
Consideration could be given to helping to solve the workforce and expertise shortfall – for 
example, through the development of purpose-specific research and education for disciplines 
that are not currently catered to in the region. The products made in the region are also 
influenced by the available resources (Nørstebø et al. 2020; Barañano et al. 2022; Hyytiä 
2022). In terms to wood-based material inputs, public and private forest management as well 
as valorisation of sidestreams, waste, and recycled material can influence sectoral 
development. Educational institutions have an important role regarding technical skills and 
human resources. Ultimately, innovation will benefit the companies driving innovation as 
well as the entire cluster of actors and stakeholders in the regional innovation ecosystem 
(Brege et al. 2010). 

The findings suggest that innovation support services should be extended beyond start-up 
companies. This approach could make it possible to understand and serve the innovation 
needs of established companies. Replicating similar assessments in other regions and at 
regular intervals could support cross-regional comparisons and enable monitoring of 
temporal trends.  
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4.3 Wood identification in support of legal supply chains: A market study (Article 
II) 

 
On the topic of awareness and willingness to buy, the majority of respondents were aware 
and still wanted to know more about wood ID methods, specifically about the cost, accuracy, 
and robustness of the method. However, this awareness cannot be generalised. For example, 
Köthke (2020) examined German economic operators and found that overall, awareness of 
the EUTR was low, but there was strong compliant behaviour among high-value operators. 
Transparency regarding technology maturity and cost needs to be improved and made 
available to potential user organisations or companies. Effective wood ID in the context of 
due diligence and law enforcement relies on access to reference data and technology. 
Appropriate access can be facilitated through international cooperation, development of 
interoperable databases and training in both methods development and technology 
application (Low et al. 2023).  

The second research question concerned current capacities and uptake of wood ID 
technologies by public and private sector actors. Most respondents already engaged with 
wood ID technologies. The combination of in-house and outsourced capacity was lower for 
respondents from countries with a lower governance ranking; these countries would benefit 
from technology sharing mechanisms to help detect problematic trade closer to the source. 
For comparison, not all operators and competent authorities in the EU have the means to 
implement frequent testing. Wood ID capacities need to be developed in support of due 
diligence and law enforcement on the sides of the consumer and producing countries.  

The third research question concerned the future need for wood ID. Based on the 
responses, the user base for all wood ID methods would expand by more than 20%, except 
for wood anatomy, which would still remain the most available method. The use of 
dendrochronological methods would remain more or less stable. The EUTR and EUDR 
utilise the leverage of the EU consumer market to influence governance in source countries, 
with the EUDR closing loopholes in the EUTR and increasing liability obligations (Köthke 
et al. 2023). Compliance with legislation was found to be the most important driver for EUTR 
compliance (Sotirov and Köthke 2024). Increased awareness of and striving for legal and 
transparent operations will likely also increase demand for wood ID methods.  

Concerning the fourth research question on the drivers for demand of technology and 
services, ‘compliance with legislation’ would remain the most important driver for the 
demand of wood ID in the future, and all other drivers would also increase in importance. 
Compared with respondents from countries with a higher governance ranking, those from 
countries with a lower governance ranking assigned higher importance to the drivers. In 
2018, five years after the EUTR went into effect, Köthke (2020) found that in Germany, only 
28% of the examined operators had implemented the needed due diligence system. This 
corresponded to 70%–79% of the import value. This finding shows that many traders handle 
small volumes and values and when they do not even have the basic due diligence system in 
place, they may be less concerned about wood ID services. Integration of wood ID as part of 
a larger service offering that would include more comprehensive due diligence support. For 
example, wood ID may be made more accessible when offered in the context of the EUTR 
by so-called monitoring organisations.  

Based on these findings, four recommendations can be proposed to increase the uptake of 
wood ID  (Article II): i. First, scale up efforts for collecting and analysing geo-referenced 
wood samples to expand the global reference data and the functional applicability of various 
wood ID technologies. Prioritise species with protected status and those that are widely 
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traded. Second, promote the exchange of wood ID information, expertise, and technology 
among nations, organisations, and professionals. Third, increase the understanding of wood 
ID technology among those responsible for executing or implementing global forest-related 
rules and regulations. Finally, couple wood ID technologies more operationally as tools to 
help compliance with and enforcement of forest governance. 

This study offers a reference point for the assessment of the wood ID market and 
imminent developments. Future research could aim to quantify the market purely based on 
the actual services implemented by public and private service providers following user 
segmentation types in relation to market volume and complexity.  

 
 

4.4 Risk profiles for EU imports of deforestation-free wood-based products (Article 
III) 

 
An alternative approach to assessing the risk profiles of EU trade partners and characterising 
the risk associated with imports of wood-based commodities was developed and analysed. 
The complexity of product sourcing is reflected in the number of trade partners per 
commodity type. Import values, quantities, and their ratio vary between products, partly 
depending on the commodity’s position within successive value-added stages. The RIV was 
calculated using the WGI in combination with trends in forest area, roundwood production, 
and agricultural area. The differentiation between the RIV was determined primarily by the 
WGI, followed by forest area and, to a lesser extent, roundwood production and agricultural 
area. By incorporating indicators of countries’ land-use change and production patterns, 
rather than relying solely on governance indices (as in Norman et al. 2017; Lin et al. 2021), 
the resulting RIV takes forest-sector legal and deforestation risks into account more explicitly 
than previous approaches.  

The resulting country classification differs from the benchmarking outcome described by 
the European Commission (2025b). Under that approach, a country can be classified as low 
risk through one of three pathways: no net forest loss (≤0 kha/year; first pathway); 
deforestation below both a relative threshold of 0.2% and an absolute threshold of 70 
thousand hectares of annual average forest area loss between 2015 and 2020 (second 
pathway); or zero or negative relative and absolute annual changes in cropland commodities, 
timber and cattle production trends, and the expansion of total agricultural land (third 
pathway; European Commission 2023). For the first implementing act, the methodology also 
allows countries to fall within +25% of the low-risk absolute and relative thresholds. High-
risk countries are currently limited to those subject to United Nations Security Council or EU 
Council sanctions on imports or exports of the relevant commodities and products (European 
Commission 2025b). Countries that are not classified as either low or high risk are classified 
as standard risk. This produces a substantially different country classification from that 
obtained in the study discussed in this thesis. 

The strictest calculation approach – [FAR ±0.000] – resulted in more countries being 
assigned to the high- and low-risk categories, with 17% of total import value and 17% of 
total import quantity assigned to the high-risk category. As expected, the less strict 
approaches resulted in a greater proportion of countries being assigned to the medium-risk 
category, reducing the share of trade classified as high risk to approximately 9% of import 
value and 10% of import quantity. The choice of thresholds therefore has a substantial effect 
on the results. 
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At the product level, the analysis shows that Pulp of wood (HS47) carries the highest 
proportional risk, with up to 57% of its import value originating from high-risk countries 
under the strictest approach. By contrast, Wood and articles of wood (HS44) account for the 
largest overall import quantity (64%), but only 7% of this quantity is classified as high risk. 
This high-risk quantity is concentrated primarily in fuelwood (HS4401), industrial 
roundwood (HS4403), and sawnwood (HS4407). These high-risk product groups would 
therefore warrant the greatest scrutiny by competent authorities. Conversely, Wooden 
furniture and parts thereof and prefabricated wooden buildings (HS94), and Printed materials 
(HS49), represent high total import values, each exceeding 22 billion US dollars, but are 
consistently associated with lower risk categories. Research examining the relationship 
between deforestation and wood-based commodities, although not necessarily in the context 
of international or EU-bound trade, has identified logs (Hoare and Kanashiro Uehara 2022), 
charcoal (Sedano et al. 2020), and pulp (Hoare and Kanashiro Uehara 2022) as relevant 
commodities. With regard to illegal logging and trade, the volume of illegal log exports is 
estimated to have remained roughly constant between 2000 and 2018, although the countries 
of origin changed over this period (Hoare and Kanashiro Uehara 2022). The same authors 
estimate that illegal exports of sawnwood, mouldings, veneer, and plywood declined in both 
volume and value, primarily as a result of improvements in governance in Indonesia and 
Malaysia. These findings support the development of a multi-temporal index that can be 
regularly revised to reflect improvements in forest-sector governance.  

Accounting for national forest-sector governance initiatives and legislation resulted in a 
significant shift in trade volume and value towards the low-risk category. Although the 
impact of current FLEGT licensing remains limited because it currently applies only to 
Indonesia and Ghana, a broader governance-based approach incorporating VPA involvement 
and EUTR-like legislation produces a substantial shift. For example, in the high-risk Pulp of 
wood (HS47) sector, accounting for these governance pathways reduces the proportion of 
import quantity assigned to the high-risk category from 48% to 35%. 

Several limitations should nevertheless be acknowledged. Agricultural expansion does 
not necessarily occur at the expense of forest area. Similarly, an increase in roundwood 
production does not necessarily result in deforestation or a change in land use or land cover. 
Net-zero deforestation does not mean that natural forests have not been converted to 
plantations. Forests can also re-establish – for example, on agricultural land that was 
unsustainably cultivated and subsequently abandoned – while natural forest may 
simultaneously be converted to agricultural plantations. In plantation forestry, increases in 
roundwood production may also result from improved tree varieties or forest-management 
practices rather than from an expansion of the forest area. 

Combining the RIV with trade data enabled the quantification of commodities by risk 
category and provided an indication of the products for which due diligence or enforcement 
may require greater attention. Regardless of the approach used to calculate the RIV, the 
largest proportions of import value and quantity were assigned to the medium-risk category. 
However, the RIV should not be interpreted as a guide for economic operators when deciding 
where to source their products. On-the-ground due diligence can reduce the risk of non-
compliance to a negligible level.  
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4.5 Generalisability and transferability of the methods and results 
 

The manner in which the findings can be applied more generally differs across the three 
studies. Many of the innovation constraints identified in Article I resonate well with 
challenges documented by other studies, such as regulatory complexity (Borgström and 
Mauerhofer 2016; Reim et al. 2019; Pender et al. 2023; European Investment Bank 2024), 
financial limitations (Bennich et al. 2018; Reim et al. 2019; D’Adamo et al. 2022; Salvador 
et al. 2022; Verkerk et al. 2022; Pender et al. 2023; European Investment Bank 2024), 
technological constraints (Kuhmonen et al. 2024), and labour shortages (Näyhä 2020; 
Verkerk et al. 2022). The study methodology provides an input for similar regional 
assessments as well as cross-regional comparison of bioeconomy innovation readiness. 

The insights from Article II on wood ID technologies provide transferable lessons for 
improving efforts to verify legality by competent authorities and economic operators, even 
while regulatory frameworks and enforcement needs are evolving. 

The RIV methodology of Article III can be generalised and transferred to any country-
level context: the required data have global coverage, and they are open source. While the 
EUDR country assessment criteria guided the design of the RIV, the analytical framework 
can be adapted to enforcement or due diligence in other regional contexts, or to certification 
systems. 
 
 
4.6 Policy, practice, and business implications 

 
For regional development and business support actors, Article I identifies clear barriers that 
hinder forest-based SMEs from fully realising their potential. Tailored RTDDI support, 
stronger facilitation of university–industry outreach and collaboration, development of 
targeted skills, and more accessible innovation funding may be required to achieve this. This 
conclusion is consistent with the findings of Article II, where science–practice and public–
private partnerships are needed to further develop and implement the wood ID methods.  

For improved law enforcement and due diligence, Article II highlights the need for 
increased investment in reference datasets, interoperable databases, and capacity-building for 
wood ID. The RIV framework in combination with trade data (as in Article III) offers a 
practical tool to highlight commodity-embedded risk as well as overall risk related to country 
or regional imports. The tool can support prioritisation of customs controls and facilitate 
identification of needs for priority cooperation with higher-risk producing countries. 

For economic operators, the findings show that the application of wood ID methods 
(Article II) as well as proactive supply-chain risk assessment (Article III) can provide 
substantial support for the assurance of legality and deforestation-free commitments. 
Operators can use the RIV to understand inherent risk exposures in their value chains and 
adjust their due diligence intensity or risk management accordingly. 
 
 
4.7 Limitations of the research 

 
Several limitations need to be acknowledged for each study. Article I is based on a voluntary 
company survey. The response rate was good, and the data were linked reliably to company 
register-based economic information. However, the relatively small number of companies 
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per sector precludes the ability to draw definitive comparative conclusions within or between 
sectors, although the observations provide a basis for future hypothesis testing with larger 
sample sizes. Respondent self-selection may have inclined firms at a certain stage of 
development to participate more than other firms, introducing nonresponse bias (Scheaf et 
al. 2023). 

Article II relied on a purposive expert sample that did not provide equal representation of 
all market segments or geographic regions, despite global outreach. The uneven distribution 
of respondents may also over-represent organisations that were already aware of or engaged 
with wood ID technologies. 

While FAOSTAT offers the benefit of a global database with continuously updated and 
harmonised assessments, the RIV calculation in Article III is constrained by overall data 
quality and temporal resolution. The annual changes in forest area and agricultural expansion 
rely on 5-year interpolated statistics. In some cases, political incentives may lead to a 
distortion of data reported by a country (Desiere et al. 2016). While problems with FRA data 
have been widely reported, the quality of forest monitoring data sources for national reporting 
to the FRA has improved significantly for the assessments covering the period 2005–2020 
(De Sy et al. 2021). The RIV simplifies complex legal and deforestation dynamics into a set 
of aggregated indicators, and it is not a substitute for on-the-ground due diligence. The aim 
was to develop a tool as neutrally as possible. As Bowker and Star (1999) observed, however, 
standards and classifications can produce both winners and losers, and their development 
calls for moral reflection and caution regarding the consequences of applying them in 
practice.  
 
 
4.8 Suggestions for further research 

 
Research on bioeconomy innovation (Article I) could be expanded to examine the structural 
needs for and drivers of innovation and lessons learned at successive stages of innovation. 
This endeavour could examine movement from one technological readiness level to another, 
or from one business readiness level to another. This approach could help inform the design 
of more targeted policy interventions, including the most suitable support for the 
development of innovations. 

Further research on wood ID technologies (Article II) could evaluate potential business 
models that would increase their uptake. Additional research is also needed to contribute to 
the development of open-source reference collections.  

Incorporation of globally operational, geographically explicit land-use and forest area 
change datasets would strengthen the robustness of the RIV (Article III). It would be 
especially useful if the datasets included EUDR commodity-specific information. The 
integration of deforestation footprint data for EUDR commodities as well as other 
deforestation-linked commodities could be investigated. Greater attention to the development 
of forest plantations and plantation productivity may provide more balanced information 
compared with relying on roundwood production alone as an indicator. 
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4.9 Conclusions 
 

This thesis has combined research on company innovation approaches, access to tools for 
legality verification, and wood sourcing risk assessment to advance knowledge and tools in 
support sustainable development of the forest-based bioeconomy.  

While regional forest-based companies are oriented towards innovation and invest heavily 
in this area, their progress is impeded by structural barriers, including regulatory complexity, 
financial constraints, and a shortage of skilled labour. Furthermore, companies prefer to rely 
on in-house resources for R&D rather than engaging in external collaboration. Business 
development and innovation services could stimulate collaboration between industry and 
universities, facilitate access to innovation funding, and help to address labour skill gaps. 

Although there is high awareness of wood ID technologies, their operational uptake is 
hindered by technological barriers and limited access to reference data, particularly in 
countries with weaker governance. Operational integration of wood ID technologies in due 
diligence processes could help companies comply with legal and deforestation-free 
requirements. 

The intensity of due diligence or enforcement efforts can be moderated based on proactive 
supply chain risk assessment through quantitative evaluation of commodity- and country-
based risk exposure. The level of risk exposure can differ greatly between commodities.  

Taken together, this research demonstrates that legal, deforestation-free, and innovative 
forest-based value chains require progress in bioeconomy innovation management, 
technologies that facilitate legal verification, and risk-assessment tools. The findings from 
the three articles provide policymakers, competent authorities, and economic operators with 
market intelligence and tools to implement, monitor, and enforce legislation that governs the 
forest-based bioeconomy, contributing to ongoing efforts to strengthen the governance, 
transparency, sustainability, and resilience of the sector. 
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