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Abstract 
Forests and the resources they offer have been important for the Swedish economy for a long 
time, and the forest industry remains a large part of the manufacturing industry even as the 
economy is becoming more service-based. Forests are also increasingly seen as an important 
source of biofuels that can be used to reduce the reliance on fossil fuels and to reach the target 
for a carbon neutral economy by the year 2050. Additionally, the preservation of forests for 
their various ecosystem services remains high on the political agenda. This thesis examines 
important economic issues of ecosystem services and bioenergy from forests as well as the goal 
conflicts within forestry in Sweden in four separate papers. 

The aim is to contribute to the research on optimal social use of Sweden’s forests and the future 
of forestry when considering ecosystem services and the trade-off between demands for 
different forest products. This is particularly important since Sweden is moving towards a 
circular bio-economy where forests are becoming increasingly important as a fuel and material 
source. The first paper presents the current state of ecosystem service valuation and the 
challenges that needs to be addressed in the field when moving forward. The second paper 
applies the methodology of benefit transfer in a spatially explicit context to provide maps of 
ecosystem services for Sweden. The results are reasonable compared to previous estimations 
and the main contribution is the mapping of the spatial distribution of carbon sequestration and 
recreation in Sweden. The third paper focuses on the market for biomass and examines the 
elasticity for demand for the different sectors that uses forest biomass as an input. The findings 
are that the pulp and heating sectors are more sensitive towards price changes, while sawmills 
would to a larger extent be able to transfer increasing costs to their customers. This is in line 
with the expected outcome that as demand for biofuels increase, the heating sector would 
compete for biomass mainly with the pulp sector, rather than the sawmill industry. The fourth 
paper examines the effect of internalizing carbon sequestration on the rotation periods of forests 
in Sweden, as well as the effect of increased biofuel production. The results are that 
internalizing carbon sequestration would lengthen rotation periods, but there are large regional 
differences, and a carbon price that would barely increase rotation in southern Sweden may lead 
to infinite rotations in northern Sweden.  

This thesis recommends joint optimization of ecosystem services with market values but 
recommends against paying forest-owners for the carbon their forests sequester. While carbon 
storage would increase, a large part of the money would go towards paying for sequestration 
that already would occur in absence of the payment for ecosystem services scheme. 
Additionally, it would be difficult to price the subsidy/tax on a level that extends rotation in all 
the country without it leading to infinite rotation periods in any parts of the countries, which 
would have dramatic effects for the local forest industry. The goal conflicts within the Swedish 
forest sector needs to be examined further, going forward. This thesis touch upon the 
complexity with some of these goal conflicts, both between industry such as the pulp and 
heating sectors, but also between the environmental goals of “Sustainable Forests” and 
“Reduced Climate Impact”, as well as with recreational uses of forests. There is certainly 
potential for synergy in some cases, the fourth paper showed favorable outcomes when 
optimizing for timber, biofuels and carbon sequestration, but Payments for Ecosystem Services 
schemes are expensive and may not be the most efficient use of taxpayer money.  
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Preface 
 
 
 
Introduction 
Forests and the resources they offer have been important for the Swedish economy for a long 
time, and the forest industry remains a large part of the manufacturing industry even as the 
economy is becoming more service-based (Statistics Sweden, 2021). Forests are also 
increasingly seen as an important source of biofuels that can be used to decrease the reliance 
on fossil fuels and the reach the target for a carbon neutral economy by the year 2050 (SEPA, 
2013).  

Forests are home to many plants and animals and offer services, or benefits, to people beyond 
the market value of forest biomass. On a regional scale, these benefits include berry and 
mushroom picking as well as health benefits from forest-based recreation. On a global scale, 
carbon sequestration is an important service provided by forests. These types of services are 
commonly defined as ecosystem services. Many of the ecosystem services from forests are not 
traded on markets and cannot be directly priced but they still hold significant values for the 
society (Ninan and Inoue, 2013).  

Due to the variety and complexity of ecosystem services, goal conflicts can occur in their 
management (Hansson et al., 2005). In particular, policy targets for non-market ecosystem 
services and the commercial products that forests offer can be in conflict with each other, e.g. 
timber production and storage of atmospheric carbon (Ferraro et al., 2015), or the preservation 
of biodiversity (Alarcon et al., 2015). In addition to the conflict between timber production and 
non-market ecosystem services, there can also be conflicts between different environmental 
goals of forests, such as the mitigation of climate change by letting forests grow and the supply 
of biofuels by harvesting forests early (Roberge et al., 2016). In this context, it is important to 
understand the scope of all the benefits forests provide for an optimal management. The value 
of forest conservation for recreation, carbon sequestration or habitat protection for flora and 
fauna must be weighed against the demand for woody biomass by the forest industry and the 
energy sector.  



2 
 

There are large differences in the characteristics of forests in Sweden. For instance, in terms of 
flora and fauna, accessibility for recreation, and how the forests affect the hydrological cycles 
varies across the country (Framstad, 2013). As such, forests cannot be treated as homogenous 
and the benefits of conservation versus harvesting has to be weighted for each region. This 
emphasizes the importance of the spatial dimension when assessing ecosystem services. By 
estimating geographically explicit values for the ecosystem services of forests in Sweden, we 
can understand which forests that are best to preserve for purposes of carbon sequestration and 
recreation as well as biodiversity and other important benefits, and which ones that can be 
harvested for timber or biofuels.  

The markets for forest biomass must be analyzed alongside the supply and demand for non-
market goods and services in order to identify between which uses there is a conflict, and 
between which, if any, there is potential for synergy.  Forest rotation periods, the time between 
planting and harvest, is an interesting metric from this perspective as the rotation period length 
of forests affects the supply of many ecosystem services as well as the revenue for forest-owners 
(Roberge et al., 2016). The demand for goods and services from the forest is expected to 
increase as new uses are emerging, such as different forms of biofuel (Wetterlund et al., 2013).  

The aim of this thesis is to contribute to the understanding of the optimal social use of the forests 
and provide insights into the future of forestry in Sweden. Particularly, the valuation, trade-off 
and structural aspects of ecosystem services, bioenergy and forest products are analyzed. The 
purpose of the thesis can be summarized by the following research questions: 

• What are the values of ecosystem services for forests in Sweden, and how are they 
distributed spatially? 

• How sensitive are the markets for forest biomass to price changes and what are the 
implications for tradeoffs with ecosystem services? 

• What are the effects on other uses for forests when ecosystem services are internalized? 

In total, four self-contained papers are included in the thesis, in addition to this introductory 
preface. The first research question is treated mainly in papers one and two, the second question 
is treated primarily in paper three and to a lesser extent in paper four, while the third question 
is treated in paper four and touched upon in paper two.  

The preface serves as an introduction to Sweden’s forest sector and the different products and 
services that forests provide, as well as the methodology used in the papers of the thesis. The 
preface also includes discussions about valuation of ecosystem services, the future of forestry 
in Sweden and possible research directions in forest economics. The self-contained papers 
analyze ecosystem services of forests and the market for bioenergy from forests. The first paper 
is a review of valuation studies of ecosystem services in forests. The second paper applies the 
method of benefit transfer to derive a comprehensive map of the valuation of recreation and 
carbon sequestration of the forests in Sweden. It is followed by the third paper that analyzes the 
price elasticities of the three most important sectors dependent on forest biomass as a key input. 
Lastly, the fourth paper assess at how forest rotation periods in Sweden is affected by 
internalizing carbon sequestration and by increasing the biofuel production. 
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Forestry in Sweden 
Forest Biomass Products 
More than half of the land area in Sweden is forest, with about 23.3 million hectares (57% of 
total land area) of productive forestland, which is defined as forestland that grows at least one 
cubic meter of timber per hectare and year. An additional 4.9 million hectares (12% of total 
land area) is unproductive forestland, where the yearly growth per hectare is less than one cubic 
meter. Spruce and pine forests dominate, and these tree species makes up 40% and 39% of the 
forest area, respectively. In addition to the native species of Scots pine, the contorta pine species 
has been introduced, which makes up about 1.3% of the forestland (SLU, 2020). The third most 
common species is birch, covering about 12% of the total forest area, with the remainder of the 
forests composed mostly by various non-coniferous trees such as aspen, alder, oak and beech. 
Around one percent of the standing volume is harvested annually (SFA, 2015).  

Biomass products from forestry can be divided into three different categories based on their 
uses and on which markets they are sold. Sawtimber, which is typically used in sawmills to 
turn into lumber and further refined into wooden products, Pulpwood, which is generally sold 
to pulp mills and refined into the production of paper. Lastly, the wood used for Bioenergy, 
which generally comes from low quality roundwood and residues. Figure 1 shows the average 
distribution of these products at harvest, and where the demand for the different products 
originates (SFA, 2020b), as well as the size of the harvests of different biomass products during 
2019. Gross harvest refers to the total volume of all harvested trees, including residues and trees 
left behind in the forest, and is measured in cubic meter of standing volume (m3fo). Net harvest 
only refers to roundwood without bark and branches, and only that which is taken out of the 
forest, this is measured in cubic meter solid under bark (m3sub). Sweden is a net importer of 
woody biomass, as the import (7,700,000 m3sub) are significantly higher than the exports 
(800,000 m3sub). 
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Figure 1: Woody biomass products and their markets 
Source: SFA (2020b) Graphics from Vecteezy (2021) and VectorStock (2021). 
 

Sawtimber comes from thick roundwood of good quality and therefore has the highest price of 
the woody biomass products. The primary use for sawtimber is by sawmills to produce lumber 
for further refinement into wooden end products. There is little competition for sawtimber from 
other sectors due to the high price compared to other biomass products (Brännlund et al., 2010).  
Sawtimber from Swedish forests generally comes from spruce and pine, both softwood species, 
and of the 37,000,000 m3sub harvested, only 200,000 m3sub came from hardwood. The limited 
production of sawtimber from hardwood trees is due to the limited market for birch lumber, and 
the limited amount of forestland with oak and beech that have high market values (Schubert, 
2018). During the last 20 years, approximately half of the annual net felling has been sawtimber. 

Pulpwood comes from logs that are thinner and less suitable for lumber, and are used for the 
production of pulp by the pulp industry and further refinement into paper. Pulpwood comes 
from spruce, pine and birch, and pulpwood is the primary use of birch roundwood in Sweden 
due to the limited market for birch sawtimber. During the last 20 years, approximately 41% of 
the annual net felling has been pulpwood, and the share was 42% in 2019. 

Bioenergy from forests comes from both forest residues and fuelwood. Forest residues are what 
is left behind after roundwood harvest or from refinement of roundwood in sawmill or pulp 
industries, and includes branches, tops, deadwood, stumps and bark. Forest residues are used to 
a large extent for heating and by the pulp and paper sector, which largely uses its own residues 
from production. The amount of residues used for energy in 2019 was around 11,000,000 m3fo 
from harvest residues1, and another 5,600,000 m3fo from forest industry residues (SEA, 2021). 

                                                            
1 An approximation based on an average energy content of 900 kWh per cubic meter of residues. 
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Fuelwood is roundwood used for energy production, and because the prices are higher for 
pulpwood and sawtimber, fuelwood is generally reserved for wood that is damaged or of too 
low quality to become pulpwood. During the last 20 years, approximately 7% of the annual net 
felling has been fuelwood, and the share was 8% in 2019. 

Prices of Forest Biomass 
The prices of forest biomass differ highly between different classes of biomass, with sawtimber 
being more highly priced than pulpwood, which in turn is higher priced than fuelwood. Figure 
2 presents the real price development for pulpwood and sawtimber in Sweden over the last 50 
years (Swedish Forest Agency, 2020). Fuelwood is not included due to lack of consistent price 
data. The prices in this and the following figures refer to harvested roundwood delivered from 
the felling site to the nearest road and do not include transport costs to the destination facility. 
The average price of sawtimber is USD2 64 per m3sub for pine, USD 60 per m3sub for spruce, 
USD 39 per m3sub for coniferous pulpwood and USD 38 per m3sub for birch pulpwood. 

 
Figure 2: Real price development of woody biomass in Sweden for the period 1967-2019 (PPP 2015) 

      Source: SFA (2020a). 
 
The price for sawtimber in 2020 is USD 53 and 55 per m3sub for pine and spruce respectively, 
which is somewhat lower than in 1967 for pine where the price was around 64 per m3sub. For 
spruce the price was close to the current price at USD 57 per m3sub. In general, the price has 
stayed close to the average price for both pine and spruce, except for two peaks during the 
1970’s and 1980’s. The first peak saw the highest observed prices, which were USD 100 and 
97 per m3sub for pine and spruce respectively. The second peak saw prices higher than USD 
80 per m3sub for pine, but spruce did not deviate much from the average price. For most of the 
period, the prices for the two types of sawtimber have followed each other, and the same holds 
true for pulpwood. Pulpwood (like sawtimber) peaked during the 1970’s with prices of USD 
66 and 58 per m3sub for coniferous and birch pulpwood. All four types of roundwood had their 
lowest observed price during 2005 (USD 39 and 36 per m3sub for pine and spruce sawtimber, 
                                                            
2 Prices in this preface is in US dollars, Purchase Power Parity (PPP) adjusted with 2015 price levels, for ease of 
comparison with the papers. 
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USD 25 and 29 per m3sub for coniferous and birch pulpwood). This can partly be explained by 
an unusual high supply of roundwood due to the many storm-damaged forests in southern 
Sweden. For the most part, prices of both types of sawtimber follow each other and the same 
holds true for both types of pulpwood. This is an indication that there is substitutability for 
different types of sawtimber and pulpwood (though not necessarily between sawtimber and 
pulpwood).  

As seen in Figure 1, Sweden imports significantly more roundwood than it exports. The wood 
is mainly imported from neighboring countries with similar climate and forest composition. 
The law-of-one-price states that without any transport costs or tariffs, identical goods must have 
the same price in different markets, if the price is expressed in a single currency. Any price 
differences (arbitrage) would be eliminated due to the lack of trade barriers. If the law of one 
price holds for the roundwood markets in Sweden and other Nordic countries, the Nordic 
roundwood market could effectively be considered a single market. A recent study found that 
the domestic roundwood markets do not appear to be co-integrated with neighboring markets 
in the Nordic countries however, and a price change in one market did not affect other markets, 
which implies that the law of one price does not hold. The exception was for pine sawtimber in 
Norway and Sweden, where co-integration was found (Eriksson and Lundmark, 2020). 

Due to the geographic differences within Sweden and 
potentially long transportation distances, it also makes sense 
to divide the markets within Sweden regionally and examine 
the different characteristics of the roundwood market in 
different parts of the country. Following the forestry regions 
used by SFA (2020), Sweden is divided in three geographical 
regions. The regions are seen in Figure 3. Because transport 
costs make it more profitable to sell timber near the site of 
felling, roundwood prices and supply varies between the 
regions. Southern Sweden generally has higher prices for 
wooden biomass, due to high demand and shorter 
transportation distances than in the north. Long distances that 
leads to high transport costs (Most of which is not included 
in the roundwood price, when including only transport to the 
nearest road) and lower demand from the industry 
contributes to making timber prices in northern Sweden 
lower (Mörner, 2017). 

Figure 4 illustrates the real price development of pulpwood 
and sawtimber between 1995 and 2020 in the three regions. 
Prices refer to road-side deliveries. The average price for 
sawtimber was USD 41 per m3sub in the North, USD 39 per 
m3sub in middle Sweden and USD 53 per m3sub in southern 
Sweden. Sawtimber had the highest price of USD 68 per 
m3sub in 2019 in the south, and prices in the south also 
had the widest distribution, between USD 30 and 68 per Figure 3 - Forest regions of Sweden 
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m3sub, compared to the ranges of USD 39 and 59 per m3sub for middle Sweden and between 
USD 41 and 56 per m3sub for Northern Sweden. For pulpwood, the average price was USD 29 
per m3sub in north and middle Sweden, and USD 32 m3sub in the south. The highest and lowest 
observed prices were both for southern Sweden, USD 42 and 22 per m3sub, respectively.  

Price data for fuelwood and residues is not included in figure 4 due to a lack of availability of 
data and difficulties of comparison due to varying energy content of residues. Some 
observations of price levels can be found however for 2021 based on prices offered by the forest 
industry. The price for fuelwood in southern Sweden is around USD 14 per m3sub for 
coniferous and mixed species, and somewhat higher for oak and beech at around USD 17 per 
m3sub (Södra, 2021a). The price for residues is USD 12 per m3fo (note the different unit) for 
residues (Södra, 2021b). In northern Sweden the price for fuelwood is slightly higher than in 
the south at USD 15 per m3sub (Norra Skog, 2020). The price of bioenergy is also connected 
to the environmental cost of carbon emissions, or the shadow price of carbon. A finding in 
several studies is that unless the price of carbon increases, forest bioenergy is going to mainly 
consist of waste and byproducts and not compete with the paper or sawmill sectors, but with 
higher carbon prices competition may be high for pulpwood as an energy source (Bolkesjo et 
al., 2005; Moiseyev et al., 2011; Lauri et al., 2012).  

 
Figure 4 – Regional price development of woody biomass in Sweden for the period 1967-2019 (PPP 2015) 

   Source: SFA (2020a). 

In general, prices in different parts of Sweden appear to be highly correlated and there has not 
been a clear increasing or decreasing price trend in the market of woody biomass over the last 
twenty years. A study on the integration of regional roundwood markets in Sweden found that 
the markets for southern, middle and northern Sweden are integrated, and that the law of one 
price could not be rejected, which implies that price changes in one market will have effects in 
the other markets. The roundwood market for middle Sweden was also found to be the price-
leader and the other followers, meaning that a change of prices in central Sweden would lead 
to changes in the north and south, but not vice versa (Jaunky and Lundmark, 2015).  
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Forest industries  
In terms of gross national product (GDP), the forest industry makes up 11% of the value added 
for the manufacturing industry in Sweden, which in turn represents about 12% of the total GDP. 
On a national level, about 70,000 people are in total directly employed by the forest industry. 
Locally, the industry can employ more than 20% of the local labor force (SFIF, 2015). Forest 
products constitute about 10% of Sweden’s export value, and Sweden is the third largest 
exporter of pulp, paper and sawn products, after Canada and the United States (WITS, 2018). 
The two main industries directly associated with the forest sector is the sawmill industry and 
the pulp and paper industry, while the energy sector (district heating in particular) is the primary 
consumer of fuelwood and forest residues for bioenergy. Figure 5 shows the total market value 
of different types of woody biomass between 2003 and 2016.  

 

 
Figure 5 – Real market value of woody biomass in Sweden for the period 2003-2016 (USD PPP 2015) 

      Source: SFA (2020a). 

Sawtimber in Sweden is used almost exclusively in the sawmill industry for refinement into 
manufactured wooden goods and most sawtimber comes from pine and spruce. The market 
value of sawtimber was at the lowest in 2006 at around USD 1,330,000,000 after a large storm-
felling (the storm Gudrun) (Svensson et al., 2006). After the market recovered, the global 
financial crisis in 2008-2009 led to a global decrease in the demand for wooden products and 
the market value for woody biomass in Sweden decreased again. The market value of sawtimber 
has recovered to levels higher than in 2003 (USD 1,550,000,000), but are lower than the levels 
observed before the drop in 2005 (USD 2,174,000,000). Production in the sawmill industry has 
increased from around 10,000,000 m3 in 1980 to 18,000,000 m3 in 2019, but the number of 
sawmills is decreasing even as total production increases as the market moves towards fewer 
and larger sawmills. In 2020, there were around 140 sawmills in Sweden, compared to 320 in 
1970 (SFI, 2020). The sawmill industry has an export value of USD 4,520,000,000 in 2020, 

0

300

600

900

1,200

1,500

1,800

2,100

2,400

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

To
ta

l H
ar

ve
st

 V
al

ue
 -

M
ill

io
ns

 U
SD

 (P
PP

 2
01

5)

Sawtimber Pulpwood Fuelwood Tops and branches



9 
 

which constitutes about three percent of the total export value for Sweden (Statistics Sweden, 
2018).  

The pulp & paper industry is the primary user of pulpwood, and the market value of pulpwood 
is more stable than sawtimber and has increased between 2003, when it was around USD 
700,000,000, and 2016, when it was around USD 970,000,000. But in 2011 and 2015, the 
market value decreased following a drop in exports of paper and paper products due to lower 
demand in Europe. Pulp production has increased from about 8,000,000 tons in 1980 to 
12,000,000 tons in 2020, and about 60% is used by the industry themselves for refinement into 
paper, while the remainder is sold, and mainly exported (SFI, 2021a). Production of paper 
increased from 6,000,000 tons in 1980 to a peak at 12,000,000 tons in 2006 but has since 
decreased to under 10,000,000 tons (SFI, 2021b). The pulp and paper industry is the largest 
sectors of the forest industries in terms of export value. They account for approximately 75 
percent of the forest industries total exports in terms of monetary value. Paper had the largest 
share with an export value USD 9,031,000,000 in 2020, while pulp had an export value of USD 
2,610,000,000 in 2020. This constitutes more than seven percent of the total exports of Sweden 
in terms of monetary value (Statistics Sweden, 2018).  

The energy sector is also a significant consumer of forest biomass. District heating, based on 
heating plants, combined heating and power plants (CHP) and residual heat from industrial 
processes, are the main heating systems in Sweden (Swedenergy, 2019). Biomass is an 
important source for energy in Sweden, biomass and waste accounts for about one quarter of 
the total energy supply according to the Swedish Energy Authority (SEA, 2019), about the same 
amount as fossil fuels. For district heating in particular, close to half (about 41% in 2020) of 
the heat generation is from biomass, and the majority of this is from wood-based fuels 
(Swedenergy, 2021). District heating is found in most municipalities in Sweden and supply 
about 60% of the total demand for heating (Swedenergy, 2021). Because of this, the district 
heating sector accounts for much of the energy demand for forest biomass but despite its 
importance in the energy sector, the market value for fuelwood and residues is low compared 
to sawtimber and pulpwood and it has stayed relatively constant during the period observed in 
Figure 5 (2003-2016). Due to forest residues being a byproduct of roundwood production, the 
price and supply of the main product heavily affects the price of residues. A study on input 
demand in the energy sector found that while the use of bioenergy increased greatly between 
1984 and 1994, the actual price changed little, and the real price of wood fuels almost halved 
during the period (Hillring, 1997). 

Apart from district heating, there are also many developing technologies (some already in use, 
some still theoretical) for energy from forest biomass. This includes using forest residues for 
ethanol production and production of methanol through biomass gasification (Martin et al., 
2017). Some technologies are interconnected with the pulp & paper industry such as the 
extraction of lignin for use in heating and the use of black liquor gasification to improve the 
power and heat generation of pulp mills and to produce methanol or dimethyl ether, which can 
be used as a replacement for diesel fuels (Vakkilainen and Välimäki, 2009; Wetterlund et al., 
2013; Cao et al., 2017).   
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Economic Modeling of Forests & Forest Industries 
Price Elasticity in the Forest Sector 
Price elasticity is a measurement for how sensitive the traded quantity of a good is to changes 
in its price, or the prices of other goods. A price elasticity of (-)1.00 means that quantity would 
decrease by one percent if the price increased by one percent. An elasticity of 1.00 or higher is 
considered elastic or price sensitive, while an elasticity below 1.00 is inelastic. Own-price 
elasticity refers to the percentage change in quantity if its own-price would increase by one 
percent. Own-price elasticity is generally expected to be negative as a positive elasticity would 
mean that demand for the good increased if the price increased. Cross-price elasticity refers to 
the change demanded of a good if the price of another good increases and can either be positive, 
which implies that the goods are substitutes, or negative which implies that the goods are 
complements. Elasticity of substitution is the degree of which one good (such as an input used 
in the industry) can be replaced with another good and how much is needed of the other good. 

The magnitude of own-price, cross-price and substitution elasticities have important 
implications for the economy of the forest sector. If demand for sawtimber is highly elastic, a 
tax on logging would have large effects on production and profitability in the industry, while a 
highly inelastic demand suggests that the industry would be less affected by the tax.  

There have been many previous attempts to quantify price elasticities of the forest sector, 
particularly for sawmills (Baardsen, 2000 and Kant and Nautiyal, 1997) and pulp and paper 
(Lundgren and Sjöström, 1999 and Sherif, 1983), but there are also some previous studies on 
the supply and demand of forest-based bioenergy, especially for Scandinavia (Brannlund and 
Kristrom, 2001). Previous estimations of elasticities for sawtimber for the sawmill industry for 
Sweden include Geijer et al. (2011) who estimated an own-price elasticity of -0.71, and 
Lundmark and Olsson (2015) who estimated an own-price elasticity of 0.11, while Baardsen 
(2000) estimated the own-price elasticity of sawtimber in Norway to be -0.7. Elasticity 
estimations for other countries include Martinello (1985), Kant and Nautiyal (1997), Nagubadi 
and Zhang, 2006, and Nanang and Ghebremichael (2006) for Canada who found own-price 
elasticities of -0.37, -0.28, -0.28 and -0.21 respectively for sawtimber.  

For elasticities of pulpwood for the pulp & paper industry in Sweden, previous estimations 
include Lundgren and Sjöström (1999) who estimated an own-price elasticity of -0.26, Geijer 
et al. (2011) who estimated an own-price elasticity of -0.12, and Lundmark and Olsson (2015) 
who estimated an own-price elasticity close to zero. Elasticity estimations for other countries 
include Sherif (1983) and Martinello (1985) for Canada who found own-price elasticities of -
0.1 and -0.03 respectively for pulpwood, Hetemäki (1990) for Finland who found an own-price 
elasticity of -0.97 in the long run, and Stier (1985) for USA who estimated an own-price 
elasticity of -0.31.  

Previous estimations of forest biomass inputs for heating includes Brannlund and Kristrom 
(2001) that estimates own-price elasticities between -0.68 and -0.80 for forest biomass from the 
district heating sector in Sweden. Another estimation by Brannlund et al. (2004) found a short-
run own-price elasticity of -0.63 for forest biomass, and long run own-price elasticities between 
-0.73 and -1.02, the elasticity being higher for larger heating plants. Lundmark and Olsson 



11 
 

(2015) found an own-price elasticity of -0.04 for forest residues, and -0.18 for waste products 
from the pulp & paper industry. Geijer et al. (2011) estimated the own-price elasticities of wood 
fuel to be -0.20 in the short run and -1.33 in the long run. Outside of Sweden, Linden et al. 
(2013) estimated own-price elasticities for biomass in heating to be -0.97 for small heating 
plants and -0.86 for large heating plants.   

While there is a wide range of results for all three sectors, sawmills appear to be more price 
sensitive than the pulp & paper industry, but almost all earlier studies found the demand of 
inputs for forest industries to be inelastic, and only some outcomes for the energy sector found 
input demand that was elastic (own-price elasticity ≥ 1), meaning that the decrease in demand 
would be as large or greater than the price increase. 

Modelling Price Elasticity 
The behavior of firms in economic theory is usually modelled in the form of a production 
function, which is a mathematical function that explains the relationship between inputs and 
output in an industry. Commonly, the solution of the production function is to find the level of 
production that maximizes profits. The production function can either be estimated directly, or 
the cost function that corresponds with the production function can be estimated. When the 
purpose of the analysis is to measure the elasticities of inputs, the cost minimizing properties 
of the cost function is a better fit. Particularly so when the public sector is included in the 
analysis, because profit maximization may not be an accurate assumption for municipally 
owned firms (but cost minimization may be). For the analysis of costs that depend on output 
and choice of inputs in the short run, the total variable cost is measured, rather than the total 
cost, as fixed costs can be excluded when analyzing the short term decision of input choices 
and level of output to produce. 

Equation (1) shows how the variable cost function can be described in general form: 

𝐶𝐶 = 𝑓𝑓(𝑞𝑞,𝑝𝑝𝑖𝑖 , 𝑡𝑡)    (1) 

Where C is total variable cost, q is level of output, and p is a vector of ‘i’ input prices, which 
includes labor, capital and any other inputs used to produce the output. Lastly, t is a time trend 
to adjust for technological changes over time in a simplified manner. There are several 
important properties of a cost function. Firstly, it should allow for a U-shaped average cost, 
which means that costs are initially decreasing as output increases, but at a certain level of 
output, costs will begin to increase again. Secondly, input demand is downward sloping, which 
means that demand of an output will decrease if the price of the output increases, and vice versa. 
Thirdly, an increase in all input prices must shift the cost by the same amount, if output is 
unchanged (Chambers, 1988).  

To move from the general case described in Equation 1, a functional form must be chosen that 
fulfills the aforementioned criteria and is suited to the relationship that is being analyzed. 
Different functional forms fulfill the above criteria to different extents, and each functional 
form is based on a number of conditions that makes it more or less useful depending on the 
purpose of the analysis and the data that is used. Two commonly used functional forms in 
economic theory is Leontief and Cobb-Douglas. The Leontief production function has the form 
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described in Equation 2a (assuming two inputs, but more could be used), where output is only 
as large as the smallest quantity of the inputs, which leads to an optimum where all inputs are 
used in equal quantity. The corresponding cost function to the Leontief production function is 
described in Equation (2b). Cobb-Douglas production function (3a) models output as the 
function of all inputs (only two in this case) to the power of the output elasticities (α1 and α2) 
If (α1 + α2 = 1), the production function exhibits constant returns to scale, and a 20% increase 
in all inputs would lead to a 20% increase in output. If (α1 + α2 > 1), the production function 
has increasing returns to scale and vice versa.  

𝑞𝑞(𝑥𝑥) = min
𝑤𝑤

�𝑥𝑥1
𝛽𝛽1

, 𝑥𝑥2
𝛽𝛽2
�    (2a) 

𝐶𝐶(𝑝𝑝, 𝑞𝑞) = 𝑞𝑞min
𝑤𝑤
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𝛽𝛽1

, 𝑝𝑝2
𝛽𝛽2
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𝑖𝑖=1 ,𝛼𝛼𝑖𝑖 > 0, 𝑖𝑖 = 1,2   (3a) 
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1
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When modelling the industries of the forest sector, production functions should include input 
choices, a sawmill may use pine or spruce in production, pulp mills may use spruce, pine or 
birch, and the heating sector can substitute between woody biomass and different fuel sources. 
The Leontief production function does not allow for substitution, as all inputs are used fixed 
proportions. In the Cobb-Douglas function the quantities of the included inputs can be varied, 
but all inputs must be used to produce output. For empirical analysis, functional forms such as 
Leontief and Cobb-Douglas are often too restrictive and are not suited to finding the magnitude 
of price elasticities and elasticities of substitution. Advances in computer technology and 
statistical methodology led to the development of flexible functional forms, where more 
variables can be included, and more complex interactions between the factors of the model. 
Flexible functional forms are less restrictive and therefore may be better suited to modeling real 
conditions. However, this also means that the models are more complex and may lead to results 
that are more difficult to interpret (Chambers, 1988).  

A common flexible form used in empirical analysis is the transcendental logarithmic cost 
function (translog), which is popular because of its balance between flexibility and output that 
is easy to interpret due to its linearity. Unlike the Cobb-Douglas functional form, the translog 
function does not assume perfect substitution between production factors and can be used to 
calculate the elasticity of substitution between input factors. The translog method has been used 
in a number of studies and in a range of different subjects and applications, for instance 
Baardsen (2000),  Daglish et al. (2015), Nagubadi and Zhang (2006) and Weill (2013). The 
translog cost function in its general form can be seen in Equation (4). 

ln𝐶𝐶 = 𝛼𝛼0 + 𝛼𝛼𝑞𝑞 ln 𝑞𝑞 + 1
2
𝛼𝛼𝑞𝑞𝑞𝑞(ln 𝑞𝑞)2 + ∑ 𝛼𝛼𝑞𝑞𝑖𝑖 ln 𝑞𝑞 ln𝑝𝑝𝑖𝑖𝑖𝑖 + ∑ 𝛾𝛾𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑖𝑖 +

 1
2
∑ ∑ 𝛾𝛾𝑖𝑖𝑖𝑖 ln𝑝𝑝𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 + ∑ 𝜏𝜏 �1

𝑡𝑡
� ln𝑝𝑝𝑖𝑖𝑖𝑖=1       (4) 
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The factors that are directly observed in the translog cost function are the natural logarithms of 
total variable cost, allocation of cost through various inputs in the form of cost shares, output 
and the prices of the various inputs. Inputs typically include labor and capital, energy and 
material inputs (various types of forest biomass in the case of the forest industry). By calculating 
cost shares of different inputs, the own, cross-price and substitution elasticities of the inputs 
can be estimated. The approach is used in paper 3 to analyze the price sensitivity of the three 
industries of the forest sector in their choice of inputs, and the potential of substitution between 
different kinds of forest biomass.  

Forest Rotation 
The modeling of production and cost functions of firms in the forest industry is explained 
briefly in the previous section, but for forest owners a different kind of function is needed to 
explain their behavior due to the nature of forest biomass as a renewable natural resource with 
slow growth. While the sawmill and pulp and paper industries optimize their production by 
minimizing cost or maximizing profit, forest owners optimize the harvest time of their forests 
based on profit maximization or other criteria. The length between planting and felling of a 
forest stand is referred to as its rotation period. A forest owner that only cares about profit from 
timber will choose to cut down their forest when the profit of timber is the highest, but since 
forests grow slowly, the discount factor of time also has to be taken into account.  Because it is 
better to receive profit today than years into the future, any future revenue is discounted 
depending on how long until the profits are expected to occur and the size of the discount factor. 
The higher the discount factor, the less patient the forest owner is. With a discount factor of 
2%, a forest owner would be indifferent between a profit from harvesting today of USD 1,000 
and a profit from harvesting in 20 years of 1,500, but with a discount factor of 5%, the profit 
has to be at least 2,850 in 20 years for the forest owner to wait. Therefore, with a higher discount 
factor, the rotation period of the forest is shorter.  
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Figure 6 – Optimal Rotation Period 

 

 

Other factors that influence the rotation period is economic factors such as prices of forest 
biomass, planting cost, expected future price trends, an reinvestment options, but also biological 
conditions that influences the growth of the forest. A forest owner maximizes time discounted 
future revenue (not necessarily only from timber, recreational hunting and other ecosystem 
services may be included) and discounted future costs (harvest, replanting, possibly 
environmental damages).  The present value of future revenues minus the present value of 
future costs is the net present value (𝑁𝑁𝑁𝑁𝑁𝑁) for a particular rotation period. Figure 6 provides a 
simplified example of optimal rotation periods (𝑇𝑇) for a forest that maximizes net present value 
at point (𝑁𝑁). At any rotation period shorter than 𝑇𝑇, the forest owner would benefit from letting 
the forest grow, but longer rotation than 𝑇𝑇 becomes less profitable due to slower growth as the 
forest grows older and lower present value for harvests far in the future.  

The rotation periods of forests and how they are affected by the internalization of environmental 
values in the form of ecosystem services is explored in paper 4.  

Externalities 
In economic terms, damage to the environment because of human behavior are often referred 
to as a negative externality or external cost. This is because it is a cost that is not taken into 
account when the decision to produce is taken. Negative externalities refer to costs that affects 
a party that did not choose to incur this cost, and who is typically (at least in part) different from 
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the actors engaging in the economic activity. Externalities can be either from production or 
consumption, and examples of negative externalities from production include emissions that 
pollutes air or water, while negative externalities from consumption can be secondhand 
smoking and noise pollution. Externalities can also be positive, and then refers to benefits that 
affects other parties than the ones engaging in the economic activity, and therefore are not 
considered when the decision to produce is taken. Positive externalities include vaccinations of 
an infectious disease that protect non-vaccinated people (consumption), and the pollination of 
bees on plants in farmland near the beekeeper (production).  

In an unregulated market, negative externalities will be oversupplied compared to the socially 
optimal level because the party causing the externality does not account for its cost in their 
decision. For instance, an unregulated industry will not include the externality in their 
production decision. Similarly, positive externalities will be undersupplied because the parties 
that benefit from the externality does not compensate the party that caused the externality 
(Kolstad, 2000). When a negative externality is oversupplied, or when a positive externality is 
undersupplied, the marginal social benefit is different from the marginal social cost, resulting 
in a net welfare loss. Figure 7 is a simple illustration of a negative externality, where 𝑀𝑀𝑁𝑁𝑀𝑀 is 
the marginal private benefit from consuming a certain good, 𝑀𝑀𝑁𝑁𝐶𝐶 is the marginal private cost 
of producing the good. In an unregulated market, the equilibrium will be at the level 𝑀𝑀𝑁𝑁𝑀𝑀 =
𝑀𝑀𝑁𝑁𝐶𝐶 and the resulting quantity produced and consumed is 𝑄𝑄𝑃𝑃. The social cost (𝑀𝑀𝑀𝑀𝐶𝐶) is higher 
than the private cost due to the externality, and the optimal social production will be at the level 
𝑀𝑀𝑀𝑀𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀 and the resulting quantity is 𝑄𝑄𝑆𝑆, but unless a regulation is in place, the market 
will produce at the level 𝑄𝑄𝑃𝑃. The grey area illustrates the size of the negative externality, and a 
situation where 𝑀𝑀𝑀𝑀𝐶𝐶 is much higher than 𝑀𝑀𝑁𝑁𝐶𝐶 would lead to a significantly larger externality 
than if the two were similar in size. Note that the private and social benefit curves are equal, 
because there is no externality in consumption in this example. 
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Figure 7 – Negative Externality in Production 

This situation illustrated in Figure 7 is referred to as a market failure because an unregulated 
market will not produce what is socially optimal. Market failures can be eliminated or reduced, 
by internalizing the cost of the externality (external cost). This can be done with various policy 
instruments, such as a tax on polluting firms in the case of negative externalities, or by subsidies 
to encourage higher production of positive externalities. It is in this context that ecosystem 
services are of interest to economists. By estimating supply and demand of ecosystem services, 
they can be integrated in economic analyses and weighed against other uses, such as increased 
production of sawtimber. This effectively integrates non-market goods and services into market 
analysis, which makes it possible to estimate the socially optimal level of ecosystem services 
(Kolstad, 2000).  

Forest Ecosystem Services 
An ecosystem service is defined as an ecosystem function that provide benefits to people. 
Ecosystem functions that do not provide benefits to people are not considered ecosystem 
services. For ecosystem functions that affects people negatively, the concept of ecosystem 
disservices is sometimes used. The Millennium Ecosystem Assessment report introduced the 
concept of ecosystem services to a broad public and also offered guidance on how to define and 
categorize the services (MEA, 2003). Four categories of ecosystem services are defined: 
provisioning, support, regulating and cultural services. Supporting services are ecosystem 
services necessary for other ecosystem services to function, and as such, they are rarely 
measured directly in monetary terms. Soil nutrient cycling is an example of a supporting 
ecosystem service. Provisioning services are the products obtained from ecosystems for human 
consumption, such as timber. Regulatory services include a wide variety of functions that has 
positive effects for society, but that are not generally traded, such as soil nutrients cycling or 
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the regulation of atmospheric gases. Cultural services include recreation, education, as well as 
spiritual and historical values derived from ecosystems. 

Trees and other plants bind carbon dioxide as they grow. Because of this, the growth of forests 
reduce the carbon dioxide levels in the atmosphere and offset some of the anthropogenic carbon 
emissions. It is estimated that the global forests absorb about 30% of the anthropogenic 
emissions yearly. In Sweden, as much as 80% of the country’s total emissions are offset by the 
uptake of the country’s forests (SEPA, 2017). Because of this, carbon sequestration is 
considered an important regulatory ecosystem service, and it is usually valuated based on 
carbon taxes or the social cost of carbon (Brainard et al., 2009).  

Carbon sequestration is affected by many factors such as tree species, location, weather, 
nitrogen emissions, and forest management strategies (Bellassen and Luyssaert, 2014). Some 
studies suggest that an intensive harvesting and replanting of forests will lead to higher net 
carbon sequestration because of the higher growth of biomass in young forests (e.g., Sedjo and 
Tian, 2012). Climate change, and its secondary effects, may also cause forests to change from 
carbon sinks to net emitters of carbon dioxide, which would indicate shorter optimal rotation 
periods of forests (Bellassen and Luyssaert, 2014). It has also been suggested that forestland 
conservation will potentially lead to higher net carbon sequestration because of the release of 
carbon when harvesting and from the decay of root and harvest residues following the harvest 
(Newell and Stavins, 2000). The optimal rotation period for maximizing carbon sequestration 
is also found to be longer than the rotation period for optimizing harvest only, challenging the 
assumption of climate neutrality of bioenergy (e.g., Bjørnstad and Skonhoft, 2002; McDermott 
et al., 2015). 

Recreational ecosystem services include hiking, biking and other sports, recreational walks and 
various other activities. Surveys have shown that people in Sweden visit forests for recreational 
purposes as frequency as 85 times per year (Ezebilo, 2016). Recreation can conflict with timber 
provisioning since unmanaged and old forests normally have higher recreational values 
compared to managed and young forests. In particular, clear-cut forests have a strong negative 
effects on the utility derived from visiting forests (Bostedt and Mattson, 2006). Tourism is 
related to recreation as an ecosystem service, and involves people travelling long distances to 
visit forests, while recreation is more local in its character. As such, tourism is mostly relevant 
to forests that are well known, or have unique characteristics, and are often national parks or 
nature preserves.  

Habitats for plants and animal species is considered a supporting ecosystem service in the sense 
that the preservation of diversity in plants and animal life positively affects the supply of other 
ecosystem services, and the loss of biodiversity can adversely affect the biological processes of 
the forest. Forests with high diversity of plants and animals are also typically considered more 
attractive for recreational visits than forests with low biodiversity. Biodiversity is generally 
assumed higher in older and unmanaged forests than in new and managed forests, but it varies 
significantly by climate, geography and other factors. 

Other important ecosystem services of forests include various hydrological services such as the 
purification of drinking water, and the regulation of water levels, which can help to prevent 
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flooding. Forests also improve the quality of soil and prevent soil erosion. Forests in or near 
population centers improve air quality by absorbing sulfur dioxide (SO2), nitrogen oxides 
(NOX) and other particles from the air. 

Economic Valuation of Ecosystem Services 
The economic value of an ecosystem service is defined to the benefits people receive from them 
in monetary terms. These values can be classified in different types based on who that is using 
the ecosystem service and on who that derives value from it. The different value types are 
summarized in Figure 8. Benefits derived from direct or indirect use, or even the possibility of 
using an ecosystem service, are called use values. Benefits derived without using (or intention 
of using) an ecosystem service are called non-use values. Ecosystem services with direct use 
values include consumptive uses such as timber, wooden fuel and other harvested goods (MEA, 
2003). However, non-consumptive uses such as recreational visits to forests and the enjoyment 
of scenic beauty are also examples of ecosystem services with direct use values. For example, 
the scenic beauty of landscapes in Nepal, among other ecosystem services, were valuated with 
a contingent valuation method by Bhandari et al. (2016). Indirect use values can be a service 
such as the purification of drinking water, or the prevention of soil erosion. As an example of 
indirect use values, Nunez et al. (2006) estimated the valuation of forest’s ability to provide 
drinking water by estimating the capacity decrease in water from forest degradation and 
multiplying this with the market price of drinking water. A third form of use value is option 
value, which refers to the idea that people want the opportunity to use an ecosystem service of 
a forest, such as recreation, even if they do not currently do so.  

 
Figure 8 – Different Value Types of Forest Ecosystem Services 
Source: Graphics from Flaticon (2021). 

There are two types of non-use values. Bequest values refers to the value of future generations 
for ecosystem services (MEA, 2003). Existence value refers to the value placed on the existence 
of ecosystem services even though they are not use directly by the people placing a value on 
them. A forest has an existence value if people received benefits solely from knowing it exists. 
For example, Amirnejad et al. (2006) estimate the existence value of forests in northern Iran 
through a contingent valuation survey and find that 66% of the respondents places an existence 
value on the forests. Another example is that Kramer and Mercer (1997) found that American 
citizens were willing to pay for the preservation of tropical rainforests, (presumably) without 
the intention of visiting these forests.  
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Measuring ecosystem services in monetary terms is generally easier for ecosystem services with 
direct use values and that are consumptive compared to services with only non-use values. The 
economic valuations of ecosystem services can be estimated using consumer surplus (both use 
and non-use values) or actual, or predicted, expenditures (use values only) (MEA, 2003). 
Consumer surplus is an important concept in welfare analysis and refers to the difference 
between the values a consumer places on a good or service and its price. As such, consumer 
surplus is a welfare measure of the person who consumes the good or service, or otherwise 
derives benefit from it. Consumer surplus can be measured directly for ecosystem services if a 
market value is observable, such as for drinking water or most provisioning ecosystem services 
(Kolstad, 2000), and indirectly for other ecosystem services.  

One approach for quantifying the consumer surplus of ecosystem services is to use revealed 
preference methods. Revealed preference methods includes the travel cost method and hedonic 
prices, which uses different approaches to capture the consumer surplus for ecosystem services 
without market prices. The travel cost method is commonly used for services with direct use 
but non-consumptive values. The method uses the amount of time and distance consumers 
spend to get to a site (such as a recreational forest), as a measure of the value they put on that 
site and their consumer surplus for visiting it. The method is commonly used to measure the 
spatial aspects of recreation, for instance in Baerenklau et al. (2010) and Bujosa Bestard and 
Riera Font (2009). Hedonic pricing is the method of estimating the effect an ecosystem service 
has on e.g., property prices as an approximation of its value. It is typically used for ecosystem 
services with indirect use-values. An example is the study by Yoo et al. (2014), where the effect 
of erosion prevention from forests surrounding watersheds has on housing prices is estimated.  

Stated preferences is the only method that can capture non-use values of ecosystem services, 
and it involves asking people directly how much they are willing to pay (WTP) for the 
preservation of an ecosystem service. Stated preference includes the contingent valuation 
method, where people are asked directly how much they are willing to pay (Al-Assaf, 2015), 
and the choice experiment approach, where they are given choice sets with differing levels of 
ecosystem service supply and costs (Nielsen et al., 2007). Stated preference is commonly used 
to value cultural ecosystem services, but the approach is also used for regulatory and supporting 
ecosystem services. For instance, Rambonilaza and Brahic (2016) estimate the willingness to 
pay for preservation of biodiversity.  

For ecosystem services with indirect use values, where the ecosystem service provides 
measurable benefits for people living near it, the avoided cost and replacement cost are two 
methods that are often used. The methods are based on actual or predicted expenditures and are 
commonly used for regulatory ecosystem services, and particularly natural disaster prevention 
(Notaro and Paletto, 2012). Avoided cost measures the costs to society that are avoided when 
the forest is there. For example, the costs of flooding that a riverside forest prevents (Barth and 
Döll, 2016). Replacement cost measures the costs to replace the ecosystem services, rather than 
the damages the services avoid. For example, Mashayekhi et al. (2010) estimate the costs of 
building a dam to replace the flood protection of a forest. 
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While studies on ecosystem services commonly uses monetary valuation of ecosystem services 
to compare the benefits of the services with other uses of forests (or other ecosystems) that 
benefit society, there are also other approaches to measure ecosystem services. This includes 
biophysical quantification through emergy (total energy consumed to create a product or 
service) analysis (Pulselli et al., 2011), but also qualitative approaches such as focus groups and 
expert panels (Campagne et al., 2017). Supporting ecosystem services such as habitat protection 
for threatened species and preservation of biodiversity have proven to be particularly difficult 
to measure through monetary terms and stated preference remains the only viable approach, but 
it captures only the WTP of respondents who may not understand the full extent of the benefits 
that the ecosystem services provide. Monetary valuation of ecosystem services has become a 
powerful tool in policy analysis and a way to make the benefits of natural ecosystems more 
visible, but the methodology for valuation needs to be further developed to better capture the 
benefits of supporting ecosystem services. Until then, alternative approaches may be needed to 
internalize habitat protection and biodiversity services into socioeconomic cost-benefit 
analysis.  

Spatial Mapping of Ecosystem Services 
The spatial aspect is important to understand in the valuation of ecosystem services. Early 
valuations of ecosystem services aggregated a single valuation over large areas, in some cases 
globally. A famous example is the study by  Costanza et al. (1997) where the total value for the 
world’s ecosystem was USD 33,000,000,000,000 per year. This estimate has been called a 
serious underestimation of infinity, and a misuse of the economic definition of value (Nature, 
1998).  Another issue with the early valuation of ecosystem services is that frequently a single 
value per hectare of a particular ecosystem was used. In the work by Costanza et al. (1997), a 
temperate or boreal forest was worth USD 302 per hectare and year, while a tropical forest was 
worth USD 2,007 per hectare and year. If all forests have the same value, then it also implies 
that the distribution of ecosystem services is uniform across the landscape.  

There are large differences in the ecosystem service values of forests based on their 
characteristics and location (Troy and Wilson, 2006). Forests adjacent to rivers are more 
important for regulating hydrological cycles compared to forests removed from water, and the 
importance of the forests in preventing flooding is also higher if there are population centers 
nearby (Barth and Döll, 2016). Old growth forests are more important than newly planted ones 
for biodiversity and may also be more desirable for recreation, while forests far from population 
centers may hold little to no recreational value (Englin et al., 2006). The sequestration of carbon 
is higher for forests in tropical climates than temperate, and different tree types have different 
growth patterns, and therefore also different carbon uptakes. Forests in mountainous regions 
may be important for preventing avalanches, but this may not be as important if they are far 
removed from population centers (Gret-Regamey et al., 2008).  

Because of the many differences in supply of ecosystem services based on tree characteristics 
and location, a spatially explicit perspective is important to estimate accurate valuations for 
ecosystem services. For many policy implications that involve tradeoffs between ecosystem 
services and other uses, the marginal valuation of ecosystem services is more relevant than the 
total valuation. It is possible to estimate the marginal loss in ecosystem service supply if one 
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hectare of forest is cut down, but the loss of cutting down every forest in the world would be 
impossible to express in monetary terms, particularly since the value of ecosystem services 
increases as they grow scarcer. (Nemec and Raudsepp-Hearne, 2013).  

The methodology of spatial mapping of ecosystem services commonly involves the use of 
geographic information systems (GIS) where satellite images of forest maps can be combined 
with maps of water bodies and their flows, topographical maps and census data to find the 
factors that influence the value of ecosystem services between different forests or different areas 
of the same forest. This makes it possible to identify hotspots for particular or multiple 
ecosystem services, as well as areas that have low values for ecosystem services and may be 
more suitable for felling for timber (Nemec and Raudsepp-Hearne, 2013). The methods for 
economic valuation can then be combined with the GIS maps to create maps for the spatial 
distribution of ecosystem service values in monetary terms. 

Benefit Transfer 
The spatial dimension is increasingly being taken into account in valuation studies (Englund et 
al., 2017), and while this leads to more accurate valuations it also make valuation studies 
considerably more data and labor intensive, particularly for large scale valuations. One method 
to overcome this is to rely on results from previous studies where possible, but it is important 
to carefully consider which studies to extract results from, and the methodology used for 
transferring them to a new forest (Richardson et al., 2015). Assigning a single value to a site-
specific forest ecosystem service and aggregating this value across a number of forest sites of 
different characteristics would lead to an inaccurate representation of the forests ability to 
supply ecosystem services, and the total value would be over or underestimated (Troy and 
Wilson, 2006). However, when appropriately used, this approach, which is referred to as benefit 
transfer, can be an important tool for large scale mapping of ecosystem services.  

Benefit transfer, or value transfer, is a method of transferring the results of previous valuation 
studies to new ones. If the ecosystem services of a particular forest have been mapped and 
valuated, benefit transfer can be used to transfer these results to another forest of similar 
characteristics. The approach is increasingly used in the context of ecosystem services because 
of the cost of conducting original valuations, particularly for large geographical areas or when 
valuing a large number of ecosystem services (Richardson et al., 2015). For benefit transfer to 
yield meaningful results, the original study site and the one the benefits are transferred to needs 
to have similar spatial, environmental and social characteristics. A study using benefit transfer 
can at most be as accurate as the original study since it relies on the accuracy and spatial detail 
of the original valuation. Since the original and new study site is never going to be completely 
identical, benefit transfer will almost always have lower validity and reliability than an original 
study (Richardson et al. 2015). Therefore, the use of benefit transfer and original studies often 
becomes a question of feasibility versus accuracy.  

Benefit transfer can be divided into three categories based on what is being transferred from the 
previous studies, and on their level of complexity. The methods are referred to as unit value 
transfer, benefit function transfer and meta-regression analysis function transfer. Unit value 
transfer refers to the direct transfer of previous valuations to a new study site, whereas benefit 
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function transfer refers to using functions from previous studies but adapting them to the 
conditions of the new study site. Meta-regression analysis function transfer collects data from 
previous studies to find the underlying factors that influence the value of ecosystem services. 
Benefit function transfer or meta-regression is appropriate when previous study sites that are 
found are very different from the new study site. Conversely, the more closely a previous study 
site resembles the new study site, the more likely it is that unit value transfer leads to more 
accurate results than meta-regression transfer does (Richardson et al. 2015). 

Forestry policy and regulations 
Swedish Forestry Regulation 
Both Swedish policy-makers and the public tend to consider conservation of forestlands 
important. Many environmental organizations lobby for increased conservation of the forest 
and old growth forests are considered important to preserve because of their high biodiversity 
(Greenpeace Sweden, 2021; SSNC, 2021). In practice, about one million hectares of productive 
forest are protected in national parks and nature reserves and about 1.5 million hectares have 
been voluntarily allocated for conservation by forest-owners. This means that roughly 2.5 
million hectares, or 10.8% of the productive forestland is protected from harvesting (SFIF, 
2017).  

The Forestry Act defines the legal expectations society has on forests-owners, particularly when 
harvesting (SFA, 2017). It is a legal obligation to replant the forestland after harvest and clear-
cuts must be announced to the Swedish Forest Agency. In addition, harvesting must also 
consider its environmental impact and avoid damaging rare and valuable biotopes. 
Mountainous forests and forests with certain hardwood assortments (e.g., beech and oak) also 
require explicit permission for harvesting. The Forestry act stipulates a minimum legal rotation 
period based on location and the growth conditions of individual forests, which is measured in 
form of the forest’s site index. Site index is an estimate of how tall trees of a given species 
would grow at the site in question at a reference age. The minimum legal rotation period ranges 
from 45 years for spruce forests with high site index to 100 years for pine or spruce forests with 
low site index in northern Sweden. 

National and international Environmental Objectives 
A key part of Sweden’s strategic environmental policy is its 16 environmental objectives, 
addressing the desirable future state of the country’s ecosystems (SEPA, 2012). The main 
objective directly including forests is “Sustainable forests”, which states that “The value of 
forests and forestland must be protected at the same time as biological diversity and cultural 
heritage and recreational assets are safeguarded”. The objective highlights the economic 
importance of forests as well as its role in protecting biodiversity and the utility people get from 
recreational visits to forests. It also emphasizes the potential conflicts of interest between these 
objectives. Specifically, the objective states that ecosystem services, recreational qualities, 
places of cultural or environmental importance, and biodiversity are preserved, and that the 
habitats for threatened species are restored. It also states that invasive species and genetically 
modified organisms must be kept out of the forests, and that the forest sector develops a more 
environmentally friendly infrastructure, which includes for instance the use of continuous cover 
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forestry. The Swedish Environmental Protection Agency (SEPA) evaluates the environmental 
targets yearly. In the evaluation for 2021, a negative development is found for most of the 
indicators for “Sustainable Forests”, except for recreational access and the presence of invasive 
species. The development is due to insufficient action towards protection biodiversity of forests, 
preventing the fragmentation of natural habitats and high felling of forests with significant 
cultural or natural values. Better protection of forests with high biodiversity and more careful 
harvesting is needed, according to SEPA (2021). Similar targets on a global level are given by 
the UN sustainable development goal 15, “Life on Land”, and its sub goal: “promote the 
implementation of sustainable management of all types of forests, halt deforestation, restore 
degraded forests and substantially increase afforestation and reforestation globally”. The 
evaluation of the UN goal finds that efforts to safeguard biodiversity has stalled, but that 
progress has been made towards sustainable forest management (UN, 2021).   

Another relevant environmental objective is “Reduced Climate Impact”, which states that 
global warming must be kept under 2, and preferably 1.5 degrees Celsius, compared to 
preindustrial levels. In SEPA’s evaluation, negative development is also found for “Reduced 
Climate Impact”, due to increasing global emissions of greenhouse gases, and more stringent 
climate action is needed on national, European, and global levels to fulfill the objective. The 
goal can also be related to the UN sustainable development goal 13: “Climate Action”, which 
calls for global warming to stay at or below 1.5 degrees Celsius, compared to preindustrial 
levels (UN, 2021). The objective “Reduced Climate Impact” relate indirectly to forests for its 
role in the carbon cycle as well as its potential for producing bioenergy. Increasing the use of 
woody biofuels can be a way to reduce fossil fuel dependency and move towards a more 
ecologically sustainable society. There is however is potential for goal conflict between the 
objectives of “Sustainable forests” and “Reduced Climate Impact” (Geijer et al., 2011). Biofuel 
production would lead to increased demand for forest biomass and potentially more intensive 
harvests and shorter rotation periods, while the Sustainable Forests goal calls for less intensive 
harvests and longer rotation periods in order to preserve biodiversity. 

The concept of bioeconomy, or bio-based economy, is used to describe the transition from a 
society based on fossil fuels to an economy based on renewable raw materials that comes from 
a sustainable use of ecosystem services (McCormick and Kautto, 2013). The objective of a 
bioeconomy can be seen as optimizing the value and contribution of ecosystem services to the 
economy. Initiatives to achieve this include reduced use of fossil-based materials and improving 
energy and resource efficiency by making better use of waste products. Sweden has good 
conditions for transitioning into a bioeconomy compared to many other countries due to its 
plentiful access to forest biomass and the state of its industry (Fischer et al., 2020). 

Payment for Ecosystem Services 
Because ecosystem services may be under-supplied compared to the socially optimal level in 
an unregulated market, policy instruments that promotes higher supply of the services may be 
considered by policy makers. One method would be to compensate forest-owners for the 
ecosystem services their forestland provide in order to create incentives for adopting forest 
management schemes resulting in higher supply of ecosystem services (Li et al., 2018) as well 
as paying for the replanting of forests that were previously cut down. These compensation 



24 
 

schemes are referred to as Payments for Ecosystem Services (PES). For instance, a PES scheme 
could be compensation to forest-owners for carbon sequestration to reduce net greenhouse gas 
emissions (van Kooten et al., 1995; Bruun, 2021), or payments to farmers to convert farmland 
into forests (da Motta, 2018) in order to increase supply of multiple ecosystem services. PES 
schemes can be in the form of direct payments, a subsidy, or a combined subsidy and tax, where 
forest-owners are paid for carbon sequestering as the forest grows but forced to pay a carbon 
tax if the forest is harvested. 

Summary of papers 
Paper I - A review of forest ecosystem services and their spatial valuation 
characteristics 
The first paper is a review study of previous studies estimating monetary valuations of 
ecosystem services of forests during the past 20 years. The review is particularly focusing on 
spatial modeling of ecosystem services and the underlying characteristics that influence the 
value of an ecosystem service. In total, 118 studies are included in the review, and a majority 
of these studies do not model the spatial distribution of the ecosystem services and assume 
identical valuations across the studied areas. There are 29 studies that explicitly model spatial 
differences in the studied area.  

The review finds that carbon sequestration, recreation, and ecosystem services related to the 
prevention of natural hazards, e.g., floods and avalanches, are the forest-based ecosystem 
services that consistently have high valuations. However, there are significant variation in the 
values reported for similar ecosystem services, with hydrological services valued between USD 
0.08 and 17,000 and recreation services between USD 0.25 and 11,000 per hectare. This high 
variation can partially be explained by differences in climate, site characteristics and 
distribution of the ecosystem service. However, the review also found very different modeling 
techniques used by different studies, which has different implications about the size and scope 
of the ecosystem services. This implies that particular care should be taken when using benefit 
transfer of results from previous studies into new study sites.  

Carbon sequestration is one of the more important ecosystem services. Because of the global 
atmospheric distribution of carbon dioxide, the forests’ location does not matter for its carbon 
uptake, but addressing the spatial dimension is useful to provide details about the forests’ 
characteristics. The value of carbon sequestration is directly connected to the yearly uptake of 
carbon dioxide by forests and this is linked to the biomass growth of trees as well as the 
properties of the soil. Growth rates and carbon uptake are different for different tree types and 
tend to be higher in warmer climates. Biomass growth is also non-linear over a trees lifetime 
and will be more intensive in some periods, particularly early on. Therefore, the age of a forest 
is an important indicator when measuring carbon sequestration 

The valuations of many ecosystem services are affected by demographic factors such as 
proximity to population centers and agricultural areas. This is particularly the case for cultural 
ecosystem services, but also for flood protection and, in the case of mountainous forests, for 
avalanche prevention. Forests in urban areas have particularly high recreational value due to 
the high number of people living nearby, while forests that are remote or inaccessible provide 
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low to no recreational values. Broadleaf forests are generally preferred over coniferous forests, 
but accessibility is also a major factor and a single study found per hectare values vary between 
USD 25 and 9,270 based on accessibility. Ecosystem services related to air quality 
improvement are valued highly for forests in or adjacent to urban areas but are less relevant in 
forests removed from population centers. The value of these services is reason to preserve 
forests and parks in urban areas, and for densely populated countries, this may have implications 
for forest management.  

Paper II - The value and spatial characteristics of recreation and carbon 
sequestration in Sweden’s forests 
The second paper estimates the value of recreation and carbon sequestration in Swedish forests, 
mapping the distribution of the ecosystem services for the entire country. The aim of the paper 
is to use previously estimated valuations on ecosystem services and, by using a benefit transfer 
approach, populate areas not previously analyzed with valuation estimates based on 
geographical and demographical characteristics. By providing a fully populated spatial 
mapping of recreation and carbon sequestration of Sweden’s forests, this paper adds to the 
limited number of ecosystem service valuations for the Nordic countries, particularly when it 
comes to recreation. 

The net present value of carbon sequestration and recreation of a forest plot is estimated to on 
average 72% of the plot’s timber value. However, the values of both recreation and carbon 
sequestration varies across the country. For example, both services are found to have higher 
valuations in Southern Sweden compared to the rest of the country. But the difference across 
the country is particularly large for recreation, which has the highest valuations close to cities 
and in national parks. Carbon sequestration follows a more homogenous distribution but has 
higher valuations in Southern Sweden due to higher growth rate and thicker growth. However, 
when comparing the regional distribution (by counties) some counties in Northern Sweden have 
the highest total valuation for carbon sequestration. This can be explained by the size of the 
counties and the large amount of forestland. There appears to be strong correlation between 
recreational values and forests that are important for biodiversity. Though biodiversity is 
difficult to measure in monetary terms and no attempt was done to measure it in the paper, the 
high recreational values for key biodiversity areas is an indication that biodiversity is linked to 
the supply of ecosystem services. 

The paper highlights the importance of the spatial aspect and that the combination of 
geographical information systems and ecosystem service valuation can be a useful tool for 
determining which forests should or should not be harvested. Having defined economic values 
for ecosystem services make it easier for policy-makers on different levels to integrate the 
services into spatial planning and compare the trade-offs of conserving the supply of ecosystem 
services with other benefits. The paper concludes that Sweden has a lot of forest with limited 
importance for non-market ecosystem services and harvesting can be expanded in some areas 
without significantly affecting the supply of ecosystem services. At the same time, forests with 
particularly high timber values are often also important to preserve for biodiversity and 
ecosystem services. Important values therefore risk being lost without regulation that can 
consider and balance these different uses and values. 
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Paper III - Spatial production structure and input choices of forest products in 
Sweden 
The third paper analyzes the price elasticities of three sectors dependent on forest biomass as a 
key input: the sawmill industry, pulp industry and district heating sector. It does so by spatially 
analyzing the production structure and input choices. Single-output regional translog cost 
models are developed and estimated for the three sectors. The translog specification is chosen 
for its flexibility and for the range of alternative hypotheses that can be tested. The spatiality is 
captured using panel data under fixed effects. One major topic in the research on production 
structures is the question of whether production units active in the same sector exhibit similar 
behavior. The hypothesis tested, in the outlined partial equilibrium framework, is that the spatial 
feed-stock input choices vary and thus affect the regional products structure. In other words, 
availability of forest feedstock, broadly defined, will affect the regional developed of the 
analyzed sectors. 

The paper found that estimated own-price elasticities are elastic for most inputs in all studied 
sectors. As such, the sectors can be considered price-sensitive, i.e., they will have a significant 
response to changes in input prices. For instance, the heating sector will, on average, reduce the 
use of unrefined biomass by more than three percent if the price of unrefined biomass were to 
increase by one percent. The same structure is observable for the pulp and paper sector, but the 
sawmill industry exhibits inelastic own-price elasticities for their biomass feedstocks (pine and 
spruce saw logs). This indicates that heating and pulp sectors might not be able to transfer 
increasing costs to their consumers in the same magnitude as the sawmill industry. This could 
be explained by the price regulations facing the heating sector and by the fact that the output 
from the pulp and paper industry is traded on international markets. Sawmills are to a larger 
extend active on local and regional markets, suggesting that they might be able to transfer 
increasing costs to their customers.  

The coefficient for technical change was found to be negative for unrefined biofuels as an input 
in the heating sector, but positive for refined biofuels, an indication that the heating sector 
switches to refined biofuels as better technologies become available. For most counties, no 
potential was found to reduce average costs by increasing production for the three sectors. 
However, for the heating sector there are seven counties, mainly in southern Sweden that has 
the potential to lower their average costs by scaling up their production.  

Paper IV - Harvesting vs. Sequestration: effects on forest rotation periods 
The fourth paper analyze the forest rotation periods in Sweden and how they are affected by 
internalizing carbon sequestration and by increase biofuel production. The aim of the paper is 
to analyze the trade-offs between bioenergy and carbon sequestration that forests provide by 
comparing the effects of different policies on the optimal rotation period length. Forests from 
different regions of Sweden are analyzed to account for differences in forest composition and 
forest growth. The primary focus is to compare the effects of internalizing the benefits of carbon 
sequestration with the profit maximization of forest-owners as well as compare the effects on 
forest rotation periods when forest residues are harvested for biofuel production.  
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The results indicate that a subsidy/tax on carbon sequestration can significantly increase the 
forest rotation period but affects different forest types with different intensity. Consequently, 
enacting such a policy would be very costly as a policy stringent enough to extend rotation in 
southern Sweden would make forests in northern Sweden too expensive to harvest. With a 
carbon subsidy paid to the forest-owners corresponding to the Swedish carbon tax (1,150 SEK) 
and with a discount rate of 2.25%, the optimal rotation period increased from 70 to 95 years in 
southern Sweden, from 80 to 125 years in Middle Sweden, and from 100 years to an infinite 
rotation period in northern Sweden. Sensitivity analysis indicates that the infinite rotation 
period in northern Sweden remains even with a lower carbon subsidy of 500 SEK Mg-1 and for 
discount rates below 3.5%.   

A key implication of the results is that internalizing the benefits of carbon sequestration leads 
to less intensive harvesting strategies. In the scenarios where timber and carbon sequestration 
are optimized, thinning operations were no longer optimal in all three regions. This suggests 
that more carbon will be sequestered but that less forest residues will be available for the energy 
sector. Consequently, a large-scale shift towards silvicultural management without thinning 
will have important policy implications when comparing woody biofuels and carbon 
sequestration due to the large decrease in supply of harvest residues. The analysis indicates the 
difficulty in implementing a large-scale payment for ecosystem services scheme, in this case 
compensation to forest-owners for sequestration of carbon. The large differences in the growth 
cycles of Swedish forests means that a subsidy/tax that corresponds with the size of the carbon 
tax in Sweden would lead to perpetual rotation periods for many forests in northern Sweden as 
well as potentially forests of low site index in other parts of the country. The difficulty in 
estimating the discount rates used by forest-owners also makes it difficult to price how much 
forest-owners are paid for carbon sequestration. A more modestly priced carbon has no effect 
on the rotation of high site index forests in southern Sweden.   

Conclusions 
The aim of this thesis is to contribute to the research regarding the optimal social use of 
Sweden’s forests and the future of forestry when considering ecosystem services and the trade-
off between demands for different forest products. This is particularly important when Sweden 
is moving towards a circular bio-economy where forests are becoming increasingly important 
as a fuel source. Three research questions are addressed in the thesis: (1): “What are the values 
of ecosystem services for forests in Sweden, and how are they distributed spatially?”, (2): “How 
sensitive are the markets for forest biomass to price changes and what are the implications for 
tradeoffs with ecosystem services?”, and (3): “What are the effects on other uses for forests 
when ecosystem services are internalized?” 

The first research question is addressed primarily in the first and second papers. In the first 
paper, it is found that the most important ecosystem services for temperate northern forests are 
the sequestration of carbon, recreation and other cultural values, and the preservation of habitats 
for plants and animals to maintain biodiversity.  The second paper applies the methodology of 
benefit transfer in a spatially explicit context to provide maps of two of these ecosystem services 
for Sweden, recreation, and carbon sequestration, finding the highest values for both recreation 
and carbon sequestration in the southern region of Skåne, while the large northern regions of 
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Västerbotten and Norrbotten sequester the most carbon in total per year but has low recreational 
values. 

While biodiversity is not explicitly valuated in monetary terms, it is found that biodiversity 
hotspots have high values for carbon sequestration and even more so for recreation. The results 
therefore indicate that there is synergy between important ecosystem services, at least under 
some conditions, and policies towards enhancing ecosystem services of forests should consider 
if there is potential for synergy or conflict with the supply of other ecosystem services. The 
results of the fourth paper also imply that with the right silvicultural management, the conflict 
between harvesting and non-consumptive ecosystem services of forests can be decreased. 

The second research question is answered in the third paper, where the findings are that the 
pulp and heating sectors are more sensitive towards price changes in pulpwood and residues, 
while sawmills would to a larger extent be able to transfer increasing costs of sawtimber to their 
customers. This is in line with the expected outcome that as demand for biofuels increase, the 
heating sector would compete for biomass mainly with the pulp sector, rather than the sawmill 
industry. The sawmill sector may be indirectly affected as bioenergy demand and prices 
increase, as this may lead to shorter rotation periods with intensive harvesting, increasing the 
supply of pulpwood and residues, while decreasing the supply of saw timber. Shorter rotation 
periods with intensive thinning would also negatively affect the amounts of carbon sequestered 
by the forests.  

The third question is answered mainly in the fourth paper, where it is found that internalizing 
carbon sequestration would increase rotation periods of forests, but there are large differences 
between different forests due to climate and growth conditions. It was found that with a carbon 
price that would barely increase rotation period length in southern Sweden, it would lead to 
infinite rotations in northern Sweden. Internalizing carbon sequestration would therefore have 
a large impact on the forest sector, and carbon sequestration is just one of several ecosystem 
services with high monetary values. Rather than directly internalize the values of all ecosystem 
services with subsidies or taxes, decisions should be taken in such a way that any negative 
impact on ecosystem services in minimized.   

Policy Implications 
Because of the high values for many ecosystem services, it is the recommendation of this thesis 
that policy makers integrate ecosystem services for any policies that effects land-use of forests 
or other ecosystems. For many ecosystem services it is relatively straightforward to do so 
because they can be estimated in monetary terms, but where monetary estimations are 
inaccurate or lacking, such as the case with biodiversity, non-monetary estimations of 
ecosystem services should be used as a complement. Any policy affecting ecosystem services 
should also consider potential synergy effects or conflicts. 

At the same time, this thesis recommends against paying forest-owners for the carbon their 
forests sequester. While carbon storage would increase, a large part of the money would go 
towards paying for sequestration that already would occur in absence of the PES scheme. 
Additionally, it would be difficult to price the subsidy/tax on a level that extends rotation in all 
the country without it leading to infinite rotation periods in any parts of the countries, which 
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would have dramatic effects for the local forest industry. Especially so for the pulp sector as it 
is heavily export dependent and is unable to transfer price changes to end consumers in the 
same extent sawmills could. While economists often argue in favor of financial policy 
instruments over regulatory instruments, this may be a situation where regulatory instruments 
would lead to better results. The minimum rotation period is already regulated by the Swedish 
forest agency, and if carbon sequestration were to be the primary goal, the minimum rotation 
period could be adjusted, although this would harm the forest industry.  

The simple answer is that the most efficient policy for increasing the supply of multiple 
ecosystem services is likely to conserve more forestland from exploitation. Increasing the 
amount of protected forestland would lead to increased carbon sequestration at least in the short-
run, increased number of forests with high recreational qualities, and better habitats for many 
plants and animal species which would help preserve biodiversity. Increased demand for 
bioenergy could be fulfilled by intensive thinning and early harvests of forests with low values 
for recreation and biodiversity, though it would still lead to decreases in carbon being 
sequestered.  

Future Research 
The goal conflicts within the Swedish forest sector needs to be examined further, going forward. 
This thesis touch upon the complexity with some of these goal conflicts, both between industry 
such as the pulp and heating sectors, but also between the environmental goals of “Sustainable 
Forests” and “Reduced Climate Impact”, as well as with recreational uses of forests. There is 
certainly potential for synergy in some cases, the fourth paper showed favorable outcomes when 
optimizing for timber, biofuels and carbon sequestration, but PES schemes are expensive and 
may not be the most efficient use of taxpayer money. Ultimately, it is not going to be possible 
to make all stakeholders happy, and policy makers in Sweden face tough decisions going 
forward, as do other forest rich countries. However, with more research on the goal conflicts 
and potential synergies it will be possible to avoid outcomes that favors one party or hurts 
another to an unacceptably high degree.  

Additionally, the valuation methods for ecosystem services needs to be developed further. 
Capturing spatial heterogeneity remains a key challenge, particularly for large scale valuation 
studies, and to make benefit transfer a more viable approach. Another challenge is how to 
valuate complex supporting ecosystem services such as habitat protection, as the stated 
preference approach, which is most used at present, only estimates the value people place in 
preserving certain plant or animal species, rather than the function they fulfill for the ecosystem. 
More interdisciplinary collaboration between economists and ecologists as well as other natural 
scientists is likely needed to establish a sound methodology for such valuations.  
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