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Preface

Finnish Forest Research Institute (Metla) is coordinating a research and development project
‘Innovative and effective technology and logistics for forest residual biomass supply in the EU –
INFRES’. The project is funded from the EU’s 7th framework programme. INFRES aims at high
efficiency and precise deliveries of woody feedstock to heat, power and biorefining industries.
INFRES concentrates to develop concrete machines for logging and processing of energy
biomass together with transportation solutions and ICT systems to manage the entire supply
chain. The aim is to improve the competitiveness of forest energy by reducing the fossil energy
consumption and the material loss during the supply chains. New hybrid technology is
demonstrated in machines and new improved cargo‐space solutions are tested in chip trucks.
Flexible fleet management systems are developed to run the harvesting, chipping and transport
operations. In addition, the functionality and environmental effects of developed technologies
are evaluated as a part of whole forest energy supply chain.
This publication is a part of the INFRES project. The research leading to these results has
received funding from the European Union Seventh Framework Programme (FP7/2012‐2015]
under grant agreement n°311881.
This deliverable is the first output of INFRES Task 5.2 and it reviews the impacts of forest
biomass extraction with varying harvest intensity on environmental sustainability, focusing on
soil carbon, nutrient balances, water quality, and biodiversity as well as on forest productivity in
the following management cycle.
This work (INFRES Task 5.2) is linked with parallel ongoing work on assessing sustainability
impacts of mobilising varying amounts of biomass potentials carried out in a Tender study
“Forest biomass for energy in the EU: current trends, carbon balance and sustainable potential”
for Transport and Environment, EEB and BirdLife Europe. Furthermore, the work also benefits
from coordination with related work on biomass resource potential assessments in the FP7
project S2BIOM (ENERGY.2013.3.7.1: Delivery of sustainable supply of non‐food biomass to
support a “resource‐efficient” Bioeconomy in Europe). An update of this deliverable is planned
in spring/summer 2014, when the other project outputs are available.
Diana Tuomasjukka, Gustaf Egnell, Joanne Fitzgerald, Michael den Herder, Torgny Lind, Marcus
Lindner, Ola Lindroos, Sirpa Piirainen, Johanna Routa
Joensuu, 31st January 2014

The sole responsibility for the content of this report lies with the authors. It does not necessarily reflect the opinion of the
European Communities. The European Commission is not responsible for any use that maybe made of the information
contained therein.
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1 Introduction
The EU committed itself to ambitious GHG emission reduction targets and the Renewable
Energy Directive 2009/29/EC (RED) (European Council, European Parliament, 2009) is a key
policy to achieve this. The increased use of biomass to produce bioenergy is an important
element of RED. Primary forest‐based bioenergy is an obvious source with large potentials,
which is playing a central role in many National Renewable Energy Action Plans (Beurskens and
Hekkenberg 2011, Tasios et al. 2013, van Stralen et al. 2013). Several studies on the amounts
of available biomass from harvest residues, stumps and energy assortments have been carried
out (Rettenmaier et al., 2010, Verkerk et al., 2011a). To give some perspective, according to
Eurostat (2013) for 2012 the net annual increment in EU28 was 775.75 Mio m3 o.b., of which
433.65 Mio m3 u.b. where harvested with 93.2 Mio m3 u.b. destined for fuelwood. With this.
For instance, woody biomass resources in Finland increase over 30 million tonnes annually of
which only 8 million tonnes of biomass are harvested annually.
At the same time and despite these harvesting trends, concerns regarding the environmental
effects of increased residue removal from the forests have sparked a discussion on sustainable
harvesting levels (Lattimore et al., 2013, Laudon et al., 2011, Stupak et al., 2011, Walmsley and
Godbold, 2010). It is evident that there are trade‐offs between biomass‐based bio‐energy and
ecosystem services such as carbon sequestration (McKechnie et al., 2011) or biodiversity
protection (Verkerk et al., 2011b) and we need to understand how to avoid unsustainable
impacts of intensified biomass harvesting such as forest growth reductions or biodiversity loss.
This deliverable includes a literature review of available contemporary empirical and modelling
studies. The focus is on the impacts that intensive forest biomass extraction could have on
different sites with varying harvest intensity. The impact categories covered in this review
include: soil carbon dynamics, biodiversity protection, influences on nutrient balances, as well
as forest growth and productivity. Stand, landscape and European level are considered. At the
same time it has to be mentioned that there is a clear bias towards available literature on
boreal and Nordic forests.
The impact of intensified biomass extraction on sustainability is an area of active research at
present, with a large number of studies published each year. Several review studies have
already been carried out (e.g. ( European Environment Agency (EEA) (2007), Lattimore et al.
(2009), Raulund‐Rasmussen et al. (2008) and the authors suspect that a traditional literature
review alone would be likely to produce very similar results as the existing reviews. In this
deliverable, we therefore target the review to yield criteria that allow at least a qualitative
sustainability assessment of existing and forthcoming biomass resource potentials.
Recent European forest biomass resource potentials were calculated using different
assumptions of wood mobilization, e.g. in the EUwood project (Mantau et al., 2010, Verkerk et
al., 2011a) and the more recent European Forest Sector Outlook study EFSOS II (UNECE and
FAO, 2011). However, the resulting biomass potentials do only carry implicit sustainability
impacts. To advance the scientific debate on this important topic, this deliverable will interpret
the review results in terms of sustainability impacts of recently published biomass resource
assessments, including a projection of business as usual and intensified biomass removal
storyline.
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The aim of the deliverable is to carry out a more rigid analysis of the sustainability impacts of
different levels of harvest residue extraction, to address and quantify a broader range of
sustainability impacts, and to find trends or critical values for impacts on nutrient balance,
Carbon dynamics, forest growth and productivity, water quality, and biodiversity. Results of this
review will influence the choice and specifications for different technology mixes and harvest
intensities as assessed in INFRES D5.3 and D5.4. In a later update of the deliverable, the results
will be discussed in context of European and regional policy targets, showing the potential
sustainability impacts of different technology mixes and harvest intensities.

2 Material and methods: data sources, analysis methods
2.1 Description of data collection
The authors conducted a thorough literature review of recent, predominantly European and
peer‐reviewed studies which measured or modeled impacts regarding the following impact
categories:


Nutrient balance



Carbon dynamics



Growth and productivity



Water quality



Biodiversity

The review targeted literature that included quantified or qualified results from empirical
studies, or reliable models, which allow conclusions about trends related to intensified biomass
harvesting. The search aimed to identify studies which covered different types of biomass
harvesting with varying degree of intensity. The geographical scope of the search was the
whole of Europe. If only little literature was available also older studies or from regions
comparable to Europe (e.g. USA, Canada) were included. Each study was analyses and
described in an Excel table with details about the characteristics included in the study. The
following attributes were collected uniformly for all studies:


Biomass compartment: which biomass compartment was removed in the trials (harvest
residues, stumps, whole trees from early thinning)



Harvesting features: if specified in the study, harvesting features, such as thinning or
final cut, and harvesting intensity and procedure, such as wholetree harvesting (WTH)
as intensive biomass removal or stemwood only (SOH) as business as usual harvesting]



Impacts: for each impact category (Nutrient balance, Carbon dynamics, Growth and
productivity, Water quality, Biodiversity) specific impacts were identified. Those impacts
are individually described and quantified in the results section.



Time scale of studied impacts: the time after treatments was assumed to have a distinct
influence on study results. For easier comparability, study results were grouped into
three time scale categories: to short term effects (= category 1, 0‐ 10 years), mid‐term
effects (=category 2, 11 ‐ 24 years), long‐term effects (= category 3, 25 years or more)
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Geographic information: Further descriptive details like bio‐geographic zone, latitude,
country, and stand characteristics prior to treatment



Study details: gives the reference of the study including authors, year, title, etc

2.2 Method of analysis
Based on the structure of the literature described above under 2.1, the method of analysis was
to quantify per study impact values for the baseline and for the treatments (intensive biomass
removal). These values were calculated and presented in diagrams as relative changes (WTH /
SOH) on the y‐axis and on the x‐axis referred to influential parameters, such as the time scale or
site index or latitude). Based on these diagrams, trends ‐ and where possible critical – values
were determined and interpreted in expert appraisals.

3 Results of the literature review
3.1 Nutrient balances: Impacts of energy wood harvesting on nutrient
availability and stocks – METLA
Undisturbed growth of trees requires that all necessary nutrients are available in forest soil.
Part of the nutrients which plants uptake bind strongly to biomass for a long time, and part
return annually to the soil with litterfall. Nutrients are constantly cycling between vegetation
and soil. Nutrient uptake and litterfall are the largest fluxes and the decomposition of litter and
mineralization of nutrients are the most important processes in this biological cycling (Likens
and Bormann 1995, Prescott 2002, Saarsalmi et al. 2007, Ukonmaanaho et al. 2008, Brady and
Weil 2008, Helmisaari et al. 2008) (Figure 1). The soil stocks of most nutrients are much higher
than those of vegetation (e.g. Stevenson and Cole 1999), but the magnitude of releasing
processes, weathering and decomposition is dependent on the soil characteristics, as mineral
composition, acidity, moisture, temperature etc. Harvesting of forests causes a disturbance to
nutrient cycling and removal of biomass decreases the nutrient stocks. Usually there is also
increased nutrient loss through leaching, however there is potential to reduce this if logging
residues are harvested. Energy wood harvesting where logging residues are also collected
decreases the amount and changes the quality of organic matter left at site compared to stem‐
only harvesting and it can effect soil processes (e.g. nitrogen cycling) and further nutrient
stocks and availability. With harvesting of logging residues which removes nutrients, plant
available nutrient stock can decrease to such a low level that the growth of the next tree
generation suffers from nutrient deficiency or the total site nutrition can decrease to a lower
level. The influence of energy wood harvesting can differ between sites. The organic matter in
soil increases the cation exchange capacity in mineral soil and also improves the soil structure
and other soil characteristics e.g. water holding capacity (e.g. Stevenson and Cole 1999). Stump
and coarse root harvesting in particular can decrease organic matter in mineral soil and
increase soil density with potential impacts on soil microbial processes, nutrient mineralization
and root penetration. Some impacts of logging residue harvesting can be noticed only after
several decades, but e.g. nutrient losses or deficiencies can be noticed sooner. The aim of this
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review was to report on studies investigating the effects of energy wood harvesting on soil pH
and nitrogen (N), phosphorous (P), calcium (Ca), potassium (K) and magnesium (Mg) stocks.

Figure 1. Nutrient cycling modified from Helmisaari 1998.
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3.1.1 Selected studies
We searched the peer‐reviewed literature targeting studies which have used field trials
comparing wholetree harvesting (WTH) and stem only harvesting (SOH) treatments, because
they represent the realized effects of increased biomass removal on the ecosystem. Studies on
stump harvesting have also been reviewed. The list of studies included in our review is listed in
Table 1. Studies included both clear cutting and thinning experiments, and the time scale
between harvesting and sampling varied between 3‐35 years. We review studies from the
boreal and temperate forests in Europe and focus on results from the organic layer (Ofh).
Table 1. Selected studies for the review. Timescale of studied impacts relates to short term effects (=1, 0‐
10 years), mid‐term effects (=2, 11‐24 years), long‐term effects (=3, >25 years).
Study:

Country:

Biogeo
graphic zone:

Tree
species:

Biomass
harvested:

Time‐
scale

Tamminen, P., Saarsalmi, A., Smolander, A.,
Kukkola, M. and Helmisaari, H‐S. 2012. Effects
of logging residue harvest in thinnings on
amounts of soil carbon and nutrients in Scots
pine and Norway spruce stands. Forest Ecology
and Management 263 (2012)31–38.
Saarsalmi, A.,Tamminen, P., Kukkola, M., and
Hautajärvi, R. 2010 Wholetree harvesting at
clear‐felling: Impact on soil chemistry, needle
nutrient concentrations and growth of Scots
pine. Scandinavian Journal of Forest Research
25(2), 148–156.
Wall, A. 2008 Effect of removal of logging
residue on nutrient leaching and nutrient pools
in the soil after clearcutting in a Norway spruce
stand. Forest Ecology and Management 256
(2008)1372–1383.

Finland

boreal

Norway
spruce,
Scots pine

Logging
residues at
thinning

3

Finland

boreal

Scots pine

Logging
residues at
clear cut

2

Finland

boreal

Norway
spruce

Logging
residues at
clear cut

1

Kaarakka, L. 2012. The long term effects of
wholetree harvest at final felling on soil
properties in a Norway spruce stand. Thesis,
Michigan Technological University, 2012. 57 p.

Finland

boreal

Norway
spruce

Logging
residues at
clear cut

1

Wall, A. and Hytönen, J. 2011. The long‐term
effects of logging residue removal on forest
floor nutrient capital, foliar chemistry and
growth of a Norway spruce stand. Biomas and
Bioenergy 35 (2011) 3328–3334.

Finland

boreal

Norway
spruce

Logging
residues at
clear cut

3

Vanguelova, E., Pitman, R., Luiro, J. and
Helmisaari, H‐S. 2010. Long term effects of
wholetree harvesting on soil carbon and
nutrient sustainability in the UK.
Biogeochemistry (2010) 101; 43–59.
Smolander, A., Levula, T. and Kitunen, V. 2008.
Response of litter decomposiition and soil C
and N transformations in a Norway spruce
thinning stand to removal of logging residue.
Forest Ecology and Management 256 (2008)
1080–1086.

United
Kingdom

temperate

Sitka
spruce

Logging
residues

3

Finland

boreal

Norway
spruce

Logging
residues at
thinning

1

INFRES – Innovative and effective technology and logistics for forest residual biomass supply
in the EU (311881)

8

Impact Assessment on Carbon dynamics, forest growth and productivity, water quality, and
biodiversity – D5.2

Smolander, A., Kitunen, V., Tamminen, P. and
Kukkola, M. 2010. Removal of logging residue
in Norway spruce thinning stands: Long‐term
changes in organic layer properties.Soil Biology
and Biochemistry 42 (2010)1222‐1228.
Smolander, A., Kitunen, V., Kukkola, M. and
Tamminen, P. 2013.Response of soil organic
layer characteristics to logging residues in
three Scots pine thinning stands. Soil Biology
and Biochemistry 66 (2013) 51–59.
Olsson, B., Staaf,H., Lundkvist, H., Bengtsson,
J., Rosen, K. 1996. Carbon and nitrogen in
coniferous forest soils after clear‐felling
and harvests of different intensity. Forest
Ecology and Management 2 (1996) 19–32
Zetterberg, T., Olsson, B., Löfgren, S.,
Brömssen, C., Brandtberg, P‐O. 2013. The
effect of harvest intensity on long‐term calcium
dynamics in soil and soil solution at three
coniferous sites in Sweden.Forest Ecology and
Management 302 (2013) 280‐294.
Karlsson, K and Tamminen, P. 2013. Long‐term
effects of stump harvesting on soil properties
and tree growth in Scots pine and Norway
spruce stands. Scandinavian Journal of Forest
Research, 28:6, 550–558.
Rosenberg, O. and Jacobson, S. 2004. Effects of
repeated slash removal in thinned stands on
soil chemistry and understorey vegetation.
Silva Fennica 38(2): 133–142.
Walmsley, J.D., Jones, D.L., Reynolds, B., Price,
M.H. and Healey, J.R. 2009. Wholetree
harvesting can reduce second rotation forest
productivity. Forest Ecology and Management
257 (2009) 1104–1111.
Thiffault, E., Pare´, D., Be´ langer, N., Munson,
A. and Marquis, F. 2006. Harvesting Intensity at
Clear‐Felling in the Boreal Forest: Impact on
Soiland Foliar Nutrient Status.Soil Sci. Soc. Am.
J. 70:691–701 (2006).
Brandtberg, P‐O. and Olsson, B. 2012. Changes
in the effects of wholetree harvesting on soil
chemistry during 10 years of stand
development. Forest Ecology and Management
277 (2012) 150–162.

31.1.2014

Finland

boreal

Norway
spruce

Logging
residues at
thinning

3

Finland

boreal

Scots pine

Logging
residues at
thinning

3

Sweden

boreal

Norway
spruce,
Scots pine

Logging
residues at
clear cut

2

Sweden

boreal

Norway
spruce,
Scots pine

Logging
residues at
clear cut
and
thinning

3

Finland

boreal

Norway
spruce,
Scots pine

3

Sweden

boreal

Norway
spruce,
Scots pine

Stumps
and
logging
residues at
clear cut
Logging
residues at
thinning

United
Kingdom

temperate

Sitka
spruce

Logging
residues at
clear cut

2

Canada

boreal

Balsam
fir,Black
spruce,
Jack pine

Logging
residues at
clear cut

2

Sweden

boreal

Norway
spruce,
Scots pine

Logging
residues at
clear cut

2

2

This review covers the boreal region, and includes only a few studies from the temperate
region. There is a lack of studies where the effects of WTH on the soil organic layer have been
compared to SOH in temperate regions in Europe. Studies included the effects of wholetree
harvesting where all the branches and needles were removed and whole three harvesting
where small branches and needles were left to decompose in the forest. This review also
includes the effects of stump harvesting, but there is also a lack of studies where results of the
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effects of stump harvesting on the soil organic layer have been reported. The results of stump
studies are often measured on mineral soils. There are few studies where soil stocks and
processes, growth and stocks of new vegetation and leaching losses are studied at the same
site at the same time, which would give an overview of the whole nutrient cycling process.
3.1.2 Results of the literature review
3.1.2.1 Nitrogen
In the boreal zone, N is typically the growth‐limiting nutrient (e.g. Mälkönen 1976, Kimmins
1977, Bonan and Shugart 1989, Tamm et al. 1999, Burger 2002, Hyvönen et al. 2007), and it is
efficiently cycled within forest ecosystems (Likens et al. 1970, Helmisaari 1995, Piirainen. 2002,
Palviainen et al. 2004b). Biological N fixation and deposition are the only external inputs to
forest ecosystems. The flux of N via fixation is small in boreal coniferous dominated forests, for
instance mosses and lichens fix 1.5‐2 kg N ha‐1 (DeLuca et al. 2002). Deposition has a large
geographical variation. Annual mean total N deposition in the Nordic countries is low, generally
varying between 1 and 10 kg N ha−1 (Mustajärvi et al., 2008; Aas et al., 2008) in a northeast‐
southwest gradient. In the UK annual mean total N deposition varied between 6‐32 kg N ha‐1
(Southon et al. 2013). Deposition of N is spatially highly variable in Europe; rates currently
range from 1 kg ha ‐1 in sparsely populated areas of northern Europe to > 50 kg ha‐1 in areas
dominated by industry or intensive agriculture (EMEP 2013).
The dynamics of available N is determined by the amount of N released and immobilized in
decomposition of soil organic matter, as well as that deposited from the atmosphere and
added as fertilizer (Kellomäki et al. 1992), i.e. by the pools and the fluxes of nutrients. Nitrogen
mainly cycles naturally in the vegetation uptake‐litterfall‐decomposition cycle, with relatively
small leaching losses (outputs) when a forest is undisturbed. This cycle determines the
availability of nitrogen. The quantity and timing of litterfall varies according to season and tree
species (e.g. Ukonmaanaho et al. 2008). The C/N‐ratio of the decomposing litter or residue
largely determines whether N is mineralized and becomes available to uptake by vegetation or
is immobilized by decomposers (Brady and Weil 2008). High litter C/N‐ratio and a cold climate
will slow decomposition and promote immobilization, thus further reducing the risk of leaching
(Helmisaari and Kaarakka 2013). Not only the C/N ratio but also the lignin (L) content or the
L/N‐ratio of litter has a remarkable effect on the decomposition of soil organic matter (SOM)
and mineralization of N (Prescott et al. 2000).
N stored in tree biomass in mature stands accounts for 7–19% of the total ecosystem N stock
(e.g. Helmisaari 1995, Finér et al. 2003, Merilä et al. 2014). Merilä et al. (2014) calculated that
the proportion of N stored in potential logging residue or biofuel (needles, living and dead
branches, stumps and coarse roots) was 67% and 53% of the tree N stock in northern spruce
stands and in southern pine stands, respectively.
Ukonmaanaho et al. (2008) has reported that roughly half of the N in logging residues of
Norway spruce and Scots pine is in needles and half in branches. Needles decompose faster
than branches since the C/N ratio of needles is lower than that of branches (e.g. Palviainen et
al. 2004b). Logging residue decomposition rate decreases also with increasing branch diameter
(Fahey et al. 1991, Hyvönen et al. 2000), and correlates with site fertility (Johansson 1994). As a
consequence of microbial immobilization, decomposing branches retain nitrogen for several
years, and studies on logging residue decomposition have suggested that there is no net
release of N within the first few years after a clear‐cut (Hyvönen et al. 2000, Palviainen et al.
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2004b). Scots pine and Norway spruce needles lose between 30‐50% of their initial amount of
N within 6–8 years (Hyvönen et al. 2000). Hyvönen et al. (2000) concluded that it took more
than 20 years for half of the initial nitrogen to be released from the logging residues. Most of
the logging residues will be decomposed and the nutrients released within 10–30 years (Fahey
et al. 1991, Harmon et al. 2000, Hyvönen et al. 2002, Palviainen et al. 2004b, Garrett et al.
2010).
Logging residue needles have a higher nutrient content than needle litter as there is no
senescence and retranslocation of nutrients as there would be in needle litter (Helmisaari
1992). The N concentration of logging residue needles is at least twice as much as in litter
(Ukonmaanaho et al. 2008). As a result more N will be available to vegetation after
mineralization. The N of residue needles can also activate microbial communities to decompose
old organic matter and thus release more nitrogen to vegetation (Smolander et al. 2010), which
could be important in areas where nitrogen deficiency limits tree growth. Nitrogen in Norway
spruce and Scots pine residues at a thinning quantitatively equal 3‐8 years of N input in needle
litter (Helmisaari et al. 2011). Thus, logging residue removal may especially affect the available
N pool, whereas the effects may not be detected in the large N pool of old, poorly
decomposable soil organic matter (Johnson and Curtis 2001, Rosenberg and Jacobson 2004).
On the contrary, at clear‐cutting the removal of N in wholetree harvesting can be 2‐3 times
greater compared to stem‐only cutting and represent a larger proportion of the total N pool
(e.g. Palviainen 2005).
Several studies show that wholetree harvesting (WTH) compared to stem only harvesting (SOH)
has a small negative effect on total N in the soil organic layer, but the differences are seldom
statistically significant even in the long‐term (Olsson et al. 1996, Rosenberg and Jacobsson
2004, Wall 2008, Saarsalmi et al. 2010, Wall and Hytönen 2011, Kaarakka 2012, Tamminen et
al. 2012, Brandtberg and Olsson 2012, Karlsson and Tamminen 2013, Smolander et al. 2013,
Zetterberg et al. 2013). Three of the 24 reviewed studies reported a significant reduction in soil
N stock after WTH compared to SOH and the differences were observed 10 to 30 years after
operations (Figure 2: Olsson et al. 1996, Saarsalmi et al. 2010, Smolander et al. 2013). However,
higher amounts of soil N were also observed in the WTH treatment compared to SOH in two
studies (Figure 2: Olsson et al. 1996, Vanguelova et al. 2010) with one of those studies from a
temperate forest. In most studies no significant treatment effects could be detected (Figure 2:
Rosenberg and Jacobsson 2004, Smolander et al. 2008, 2013, Zetterberg et al. 2013). In the
case where needles were left on the site and only branches and stems were collected, the
amount of N in soil increased significantly in 2 out of 6 cases (Olsson et al. 1996) and in one
case it was significantly reduced compared to SOH (Olsson et al. 1996). Wall (2008) concluded
that in the short‐term, the removal of logging residue does not impair the soil N pool. Based on
the slow mobilization of N from logging residues, the conclusions on the effects of logging
residues on site productivity should, however, be based on long‐term site‐specific studies
rather than studies lasting only a few years after WTH (Helmisaari et al. 2011). In these studies
we reviewed differences observed 10 years after treatment (Figure 2). Nitrogen leaching i.e.
output from the site increased after stem‐only clear‐cutting (e.g. Palviainen et al. 2013, Kubin
1998) but results showing leaching losses after WTH are rare. Stump harvesting after WTH did
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not affect the total amount of nitrogen in soil organic layer (Karlsson and Tamminen 2013), and
in mineral soil layer the amount of nitrogen increased after stump harvesting compared to SOH
without stump harvesting (Kataja‐aho et al. 2012).

Figure 2. Response ratio (WTH/SOH) of nitrogen in organic layer (O‐horizon) of soil. Blue marks mean
clear cuts and green marks means thinning. Circle means Norway spruce, triangle Scots pine, square
spruce and pine mixture and diamond other species (including Jack pine, Balsam fir, Sitka spruce).
Statistical significant differences between SOH and WTH have been circled with red circles.

3.1.2.2 Base cations, pH and phosphorus
The supply of plant available mineral nutrients, primarily Ca, K and Mg, is ultimately related to
the weathering of soil minerals (Likens and Bormann 1995, Starr et al. 1998, Palviainen and
Finér 2012) especially in areas with low atmospheric deposition such as the Nordic countries
(Ruoho‐Airola et al. 2003). Ca and Mg are both relatively abundant in forest soils, both as
structural components of minerals and in water soluble, cation form and only a small fraction
are bound to the vegetation (Likens and Bormann 1995). K is not incorporated into any
structures within the soil complex but instead remains in ionic form also in the plant material
thus making it a more mobile nutrient than Ca and Mg (Olsson et al. 1996, Brady and Weil
2008). K is released rapidly after clear‐cutting from the decomposing residue (Fahey et al. 1991,
Palviainen et al. 2004a). Also P is rapidly released from logging residues after a clear‐cut
(Palviainen et al. 2004, whereas Ca releases relatively slowly (Olsson et al. 1996, Palviainen et
al. 2004a) especially from woody litter meaning that branches could serve as a long‐term
source of Ca to vegetation (Fahey et al. 1991, Palviainen et al. 2004a). WTH has been observed
to decrease amounts of P in the humus layer but the differences have not been statistically
significant in any case (Figure 3). There are also several studies, which have shown that WTH
has negative effects on soil base cation pools (Rosenberg and Jacobson 2004, Wall 2008,
Thiffault et al. 2006, Saarsalmi et al. 2010, Wall and Hytönen 2011, Kaarakka 2012, Tamminen
et al. 2012, Brandtberg and Olsson 2013, Karlsson and Tamminen 2013) and also in temperate
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forest (Walmsley et al. 2009, Vanguelova et al. 2010). However, the results are very site‐ and
species specific and the deviation is very large. There are also findings that after WTH some
cation pools have increased in some sites (Thiffault et al. 2006, Saarsalmi et al. 2010, Wall and
Hytönen 2011, Karlsson and Tamminen 2013) and also in temperate forest (Vanguelova et al.
2010).In 7 of 19 studies we reviewed reported significant reductions in soil Ca stock after WTH
compared to SOH and all these cases have been observed in mid‐term studies (Thiffault et al.
2006, Saarsalmi et al. 2010, Tamminen et al. 2012, Brandtberg and Olsson 2012, Kaarakka
2012). Only 2 of the 19 studies observed a reduction in the K amount after WTH compared to
SOH and in a long term study (Wall 2008, Vanguelova et al. 2010). In 1 of 18 studies reported a
reduction in soil Mg amount (Tamminen et al.2012) after WTH compared to SOH (Figure 3).
Forest harvesting can increase the leaching losses of base cations from site due to accelerated
mineralization, decreased uptake by vegetation and elevated water fluxes (reviewed by
Kreutzweiser et al. 2008). Soils in more fertile sites tend to be more resistant to the changes in
acidity due to their higher buffering capacity. Many studies report no changes in soil organic
layer pH after WTH (38% of cases) (Rosenberg and Jacobson 2004,Wall and Hytönen 2011,
Walmsley et al 2009, Wall 2008, Smolander et al. 2008, 2010, Zetterberg et al. 2013) (Figure 3).
2 of 24 studies we reviewed the pH of the organic layer decreased significantly after WTH
(Vanguelova et al. 2010, Tamminen et al. 2012 ). Changes in the pH are reflected to the
proportional saturation of exchange capacity with acid and base cations (Helmisaari and
Kaarakka 2013). After stump harvesting the pH didn´t change significantly in soil organic layer
(Karlsson and Tamminen 2013).
Apart from providing essential nutrients for plants, base cations also act as neutralizers in soils
that are naturally prone to acidify (Starr et al. 1998). Although sulfate deposition has decreased
markedly in Europe and North America over recent decades (Pihl‐Karlsson et al. 2011), the
acidification of surface waters is still a concern in areas with low buffering capacity against
acidification, and harvesting of residues may offset the recovery from acidification since the
leaching losses of base cations increases after clear‐cutting (Palviainen et al. 2013). Studies on
leaching losses of base cations following WTH are rare. Ca is the most important base cation in
this context due to its abundance and Ca is also the base cation, which has shown the strongest
and most long‐lasting response to residue harvesting in experimental studies (Brandtberg and
Olsson 2013, Olsson et al. 1996).
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Figure 3. Response ratio (WTH/SOH) of soil base exchangeable cations, phosphorus and Ph in organic
layer (O‐horizon). Blue marks mean clear cuts and green marks means thinning. Circle means Norway
spruce, triangle Scots pine, square spruce and pine mixture and triangle others (include Jack pine, Balsam
fir and Sitka spruce). Statistical significant results have been circled with red circles.

3.1.2.3 Impacts on soil organic matter and C/N ratio
Soil organic matter (SOM) serves both as a sink and a source of nutrients and as a natural buffer
against acidification. In boreal forests organic matter accumulates on the soil surface forming
humus (Prescott et al. 2000). A large amount of organic matter is removed from site in
harvesting. However, studies have shown no or little effect of the harvest intensity of final
cutting on soil organic matter (SOM) content in boreal forests (Johnson et al. 1991, Johnson et
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al. 2002, Olsson et al. 1996, Wall 2008, Wall and Hytönen 2011) or temperate forests
(Walmsley et al. 2009, Vanguelova et al. 2010)
Changes in C and N storage affect the C/N ratio. In some studies (3 of 17 studies; Figure 4) WTH
increased C/N ratio of the humus layer compared to SOH (Smolander et al. 2010, Smolander et
al. 2013) and also in temperate forest site (Vanguelova et al. 2010). As the C/N ratio correlates
well with site productivity (Tamminen 1993, Wang 1997) the increase in C/N ratio can lead to
decreased N mineralization and thus lower N status after WTH than after SOH. However, in
most cases the difference between WTH and SOH was insignificant.
For more about Carbon balances, see also Sub‐chapter 3.2 Carbon dynamics.

Figure 4. Response ratio (WTH/SOH) of C/N ratio in organic layer (O‐horizon). Blue marks mean clear
cuts and green marks means thinning. Circle means Norway spruce, triangle Scots pine, square spruce
and pine mixture and triangle others (include Jack pine, Balsam fir, Sitka spruce). Statistical significant
differences have been circled with red circles.

3.1.3 Expert appraisal
It is obvious that increased harvesting of biomass decreases the nutrients stocks at a site, but
not necessary in the soil as has been shown in the reviewed studies. There is a lack of studies
from temperate regions in Europe. In northern America effects of WTH compared to SOH have
been studied more (e.g. Johnson and Curtis 2001, Nave et al. 2010), but study results from
North America do not necessarily apply to the European context due to different climate
conditions and different tree species. The effects of logging residue harvesting on site
productivity or soil nutrient stocks can be specific to site, species and management, and also
can depend very much on the demand and the original availability of nutrients (Olsson et al.
1996, Thiffault et al. 2006, Raulund‐Rasmussen et al. 2008, Lattimore et al. 2009, Wall and
Hytönen 2011). In this review we compared the availability of nutrients after treatments.
Fertilization can be used to sustain the nutrient availability, but leaving residue needles and
leaves on site is also beneficial as regards the maintenance of organic matter and returning
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nutrients to the soil (Helmisaari and Kaarakka 2013). In a recent review Thiffault et al. (2011)
concluded that there are no universal and consistent effects of WTH on soil productivity.
Nonetheless, the most vulnerable site and soil types are relatively easy to identify. Still there is
a need for long‐term WTH experiments as well as for modelling studies that cover a large range
of different site types and tree species and extend over a whole rotation period (Thiffault et al.
2011, Egnell 2011). In addition, the harvesting of logging residues can have also positive
influence to tree growth as absence of logging residue makes soil preparation and planting
easier and results in denser and more uniform stands (Saksa et al. 2002). Also after stump
harvesting treatment, the regeneration may be more successful (Saksa 2011, Karlsson and
Tamminen 2013).
To conclude, results of most studies do not show a clear decrease in soil nutrient stocks. It can
be said that removal of logging residue does not clearly decrease soil N, P or base cation stocks
in the short or medium term. Obstacles to this analysis are the lack of data from temperate and
Mediterranean Europe and the high variation between sites. The results seen here can be
partly explained by large variability in site conditions which make it difficult to obtain significant
results. However, conclusions on the effects of logging residues on site productivity should be
based on holistic studies where
1) Soil stocks and processes
2) Growth and stocks of new vegetation and
3) Leaching losses are studied at the same site.
Long‐term site‐specific studies are needed. In this review only the amount of Ca in soil organic
layer was reduced in over 30% of reviewed cases. However, Ca is luxury consumed by
plants/trees for partly known reasons. Therefore effects on Ca is more often detected in studies
compared to other elements – particularly in well buffered soils (with a lot of Ca) where soil
acidification (water acidification) is a minor issue and from a site productivity/forest growth
point of view Ca is not important in the temperate and boreal forests. Needles and leaves often
have Ca‐concentrations a magnitude or larger than what is considered optimal for growth (c.f.
Knecht and Göransson, 2004). The deviation between results from different studies was large,
and more information is needed. There weren’t any clear trends between site types, species
and time span in this review data.

3.2 Carbon dynamics – SLU
Generally, Wholetree Harvesting (WTH) reduces soil C compared to Stemwood Only Harvesting
(SOH), particularly in boreal forests, and discernible effects are more frequently found in the
forest floor than in the mineral soil (Johnson and Curtis, 2001). However, even if results from
studies with short‐ to medium‐term field experiments of slash harvesting often have shown
negative effects of soil C in the organic layer and O horizon, sometimes positive or no effects on
soil stores of C has been observed (Hyvönen et al., 2012). Carbon stock of the soil organic layer
generally decreases after stem‐only clear‐cutting but differences between WTH and SOH are
not usually detected (Olsson et al. 1996, Johnson and Curtis 2001). However, Saarsalmi et al.
(2010) found that the fertility of the site could influence the changes, as the amount of logging
residues also differed between sites. Carbon is mainly released as CO2 to the atmosphere
during decomposition of logging residues (Pumpanen et al. 2004) and only a small part of the
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initial carbon remain in the more stable/recalcitrant soil carbon pool. However, if site
productivity is decreased by WTH, it can diminish also the annual litterfall, which is the main
process maintaining C pool in the soil.
3.2.1 Selected studies
The literature search focused on studies that used field trials comparing wholetree harvesting
(WTH) and stem only harvesting (SOH) treatments. The list of studies included is listed in Table
3. There are both clear cuttings and thinnings among the studies, and the time span between
harvesting and taking samples from the soil have been between 3‐35 years. Soil samples have
been taken from organic layer (Ofh). The authors concentrated to review studies from the
boreal and temperate forest biomass.
Table 2. Selected literature studies for Carbon dynamics. Timescale of studied impacts relates to short
term effects (=1, 0‐10 years), mid‐term effects (=2, 11‐24 years), long‐term effects (=3, >25 years).

Study

Bio‐
Country geographic
zone

Tree
species

Biomass
harvested

Time‐
scale
[1,2,3]

WTH with
stumps

3

Stromgren, M., Egnell, G., Olsson, and B. A. 2013.
Carbon stocks in four forest stands in Sweden 25 years
Sweden
after harvesting of slash and stumps. Forest Ecology
and Management 290:59‐66.

Boreal

Scots
Pine,
Norway
Spruce

Tamminen, P., Saarsalmi, A., Smolander, A., Kukkola,
M., Helmisaari, and H. S. 2012. Effects of logging
residue harvest in thinnings on amounts of soil carbon Finland
and nutrients in Scots pine and Norway spruce stands.
Forest Ecology and Management 263:31‐38.

Boreal

Norway
WTH at
Spruce,
thinning
Scots Pine

Sweden

Boreal

Norway
WTH final
Spruce,
felling
Scots Pine

2

Kaarakka, Lilli, Tamminen, Pekka, Saarsalmi, Anna,
Kukkola, Mikko, Helmisaari, Heljä, Sisko, Burton, and
A. J. 2014. Effects of repeated wholetree harvesting on
Finland
soil properties and tree growth in a Norway spruce
(Picea abies (L.) Karst.) stand. Forest Ecology and
Management 313(0):180‐187.

Boreal

Norway
spruce

WTH final
felling

2

Zetterberg, Therese, Olsson, B. A., Lofgren, Stefan, v.
Bromssen, Claudia, Brandtberg, Per, and Olov. 2013.
The effect of harvest intensity on long‐term calcium
dynamics in soil and soil solution at three coniferous
sites in Sweden. Forest Ecology and Management
302:280‐294.

Boreal

Norway
WTH final
Spruce,
felling
Scots Pine

3

Hyvönen, R., Olsson, B. A., Agren, and G. I. 2012.
Dynamics of soil C, N and Ca in four Swedish forests
after removal of tops, branches and stumps as
predicted by the Q model. Scandinavian Journal of
Forest Research 27(8):774‐786.

Sweden
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3.2.2 Results of the literature review
Often, results from studies of impacts of harvesting on C in soil refer to the O and A horizon, i.e.
the forest floor layers (Figure 5). The compiled results from the studies are for the O and A
horizons.

Figure 5. Outline of soil layers. Source: US Department of Agriculture
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Figure 6. Response ratio (WTH/SOH) of C ratio in A and O‐horizon distributed on Site Index H100. Circle
means Norway spruce, triangle Scots pine.
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Figure 7. Response ratio (WTH/SOH) of C ratio in A and O‐horizon distributed on years since harvest.
Circle means Norway spruce, triangle Scots pine.
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3.2.3 Expert appraisal
There is considerable variation in the observed response to harvesting of logging residues in soil
and tree C (Johnson and Curtis 2001, Nave et al. 2010, Thiffault et al., 2011). Generally,
harvesting reduces soil C, particularly in boreal forests, and discernible effects are more
frequently found in the forest floor than in the mineral soil.
Temporal changes in soil C through the rotation period and inputs of C from above and below
ground litter are suggested to mask effects of slash harvesting (Thiffault et al., 2011). Short‐ to
medium‐term field experiments of slash harvesting have often shown negative effects, yet
sometimes positive or no effects on soil stores of C and other elements have been observed. A
question still to be answered is to what extent the variation in the different responses to
intensified harvesting of logging residues can be ascribed to the removal of logging residues or
to the changes in litter production of the regenerating forest stand (Hyvonen et al., 2012).

3.3 Growth and productivity: Impacts of energy wood harvesting on forest
production ‐ SLU
Following the oil crises in the 1970:s the idea of using more forest biomass for energy purposes
was raised in Finland and Sweden. It was realized that a minor increase in biomass harvest by
harvesting logging residues was gained at the expense of a major increase in nutrient loss from
the site (Mälkönen, 1972). Not the least nitrogen – usually the nutrient limiting growth in
boreal and northern temperate forests (Tamm, 1991). This raised an important question about
possible negative effects on forest production. Therefore a number of long‐term field
experiments with wholetree harvesting (WTH) were established to study this – experiments
useful today when the idea of using forest biomass for energy purposes is discussed or
practiced in many more countries. In this report primarily results from experiments in
Scandinavia are used to synthesize knowledge about the effect of WTH on future forest growth,
as those were the studies available. This means that generalization outside the boreal and
northern temperate regions is difficult to make. Interpretation of the results should also be
made with care since field experiments tend to differ from practical operations in a number of
ways (see section 3.3.2.3).
3.3.1 Selected studies
Experiences from long‐term field experiments in Scandinavia show that it takes time before
effects of WTH is manifested in reduced forest production and that it takes longer time on
poorer sites. Helmisaari et al. (2011) showed that growth reductions following WTH in thinnings
did not reduce growth in the residual stand until the second 10‐year period (10 – 20 years) on
most of the poorer Scots pine stands and Egnell (2011) showed a window between 8 and 12
years with significantly reduced growth for planted Norway spruce seedlings on WTH plots as
compared to stem‐only harvested plots (SOH). One explanation for this is that it takes time
before logging residues results in net release of nitrogen (Hyvönen et al., 2000, McClaugherty,
1986), which is the major growth limiting nutrient in temperate and boreal forests. Therefore
only studies showing results after 10 years are included here.
Results from USA and Canada are excluded from the presented figures, even though there are
relevant results emerging from the Long‐Term Soil Productivity (LTSP) programme with field
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experiments all over North America (Fleming et al., 2006). However, only a few studies show
data for 10 years or more. Ponder et al. (2012) could not detect any general growth reductions
10 years after WTH when 45 of the study‐sites in the LTSP programme were analysed together.
The published paper did not allow for extraction of results from relevant regions (temperate
and boreal) and was therefore excluded. Ponder et al. (2012) suggested a number of
explanations why the American results differed from results in Europe including more
productive sites and less than 100% removal of logging residues in the LTPS series. They also
speculated in if production effects may still show up as the stands approaches canopy closure
and maximum need for nutrients. Scott and Dean (2006) reported a negative impact (on
average 18% reduced biomass production) following WTH in loblolly pine plantations 7–10
years after planting in LTPS experiments located in the sub‐tropical region of USA.

Table 3. Selected studies for the review. Timescale of studied impacts relates to short term effects (=1,
0‐10 years), mid‐term effects (=2, 11‐24 years), long‐term effects (=3, >25 years).
Study:

Country:

Biogeo
graphic
zone:

Tree
species:

Biomass
harvested

Time‐
scale

Egnell, G., Leijon, B., 1999. Survival and growth of
planted seedlings of Pinus sylvestris and Picea
abies after different levels of biomass removal in
clear‐felling. Scand. J. Forest Res. 14, 303–311.
Tamminen, P., Saarsalmi, A., 2013. Effects of
wholetree harvesting on growth of pine and
spruce seedlings in southern Finland. Scand. J.
Forest Res. 28, 559‐565.
Wall A, Hytönen J. 2011. The long‐term effects of
logging residue removal on forest floor nutrient
capital, foliar chemistry and growth of a Norway
spruce stand. Biomass Bioenergy 35:3328_3334.
Proe, M.F., Cameron, A.D., Dutch, J.,
Christodoulou, X.C., 1996. The effect of wholetree
harvesting on the growth of second rotation Sitka
spruce. Forestry 69, 389‐401.

Sweden

Boreal

Logging
residues at
clear cut

2

Finland

Boreal

Logging
residues at
clear cut

1

Finland

Boreal

Norway
spruce,
Scots
pine
Norway
spruce,
Scots
pine
Norway
spruce

Logging
residues at
clear cut

3

United
Kingdom

Northern
temperate

Sitka
spruce

Logging
residues at
clear cut

2

Egnell, G., Valinger, E., 2003. Survival, growth, and
growth allocation of planted Scots pine trees after
different levels of biomass removal in clear‐felling.
Forest Ecology and Management 177, 65–74.

Sweden

Boreal

Scots
pine

Logging
residues at
clear cut

2

Saarsalmi A, Tamminen P, Kukkola M, Hautajärvi R.
2010. Wholetree harvesting at clear‐felling: impact
on soil chemistry, needle nutrient concentrations
and growth of Scots pine. Scan J Forest Res.
25:148_156

Finland

Boreal

Scots
pine

Logging
residues at
clear cut

2
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thinning in Nordic boreal forests: Long‐term
impact on tree growth. Forest Ecology and
Management 261, 1919‐1927
Egnell, G., Leijon, B., 1997. Effects of different
levels of biomass removal in thinning on short‐
term production of Pinus sylvestris and Picea
abies. Scand. J. Forest Res. 12, 17‐26.
Nord‐Larsen, T., 2002. Stand and site productivity
response following wholetree harvesting in early
thinnings of Norway spruce (Picea abies (L.)
Karst.). Biomass and Bioenergy. 23, 1‐12.
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Finland,
Norway,
Sweden

Boreal

Norway
spruce,
Scots
pine

Logging
residues at
thinning

2

Sweden

Boreal
Northern
temperate

Norway
spruce,
Scots
pine

Logging
residues at
thinning

1

Northern
temperate

Norway
spruce

Logging
residues at
thinning

1

3.3.2 Results of the literature review
3.3.2.1 Logging residue harvest in clear cut and forest production
Plots showing the response ratio (WTH/SOH) on sub‐sequent growth of planted pines and
spruces in clear cuts reveal a general trend with reduced forest production (Figure 8). Plots over
site index, C/N ratio in the humus layer, latitude, and additional amounts of nitrogen harvested
with WTH did not reveal any trends indicating i.e. that poor sites is more sensitive to WTH. The
Scots pine site with a significant positive response following WTH has a higher production
primarily because of higher seedling survival rates (Egnell and Leijon, 1999). This is also the case
for the spruce sites indicating increased growth following WTH on the plot with latitude on the
x‐axis (Tamminen and Saarsalmi, 2013). The lowest relative growth rate is shown for a Sitka
spruce site in UK on a peaty gley soil (Proe et al., 1996), where also removal of phosphorous
and potassium is likely to affect forest production and where ash‐recycling or ash‐fertilization is
known to have positive effects on forest production (Moilanen et al., 2005).
A general conclusion from this is that forest growth in boreal and temperate forests seems to
be negatively affected by WTH – but increased seedling survival could counteract for this.
Removal of logging residues also facilitates site preparation and planting (Saarinen, 2006) and
allows for fast establishment of the sub‐sequent stand. Thus, there are possibilities to
counteract these negative impacts. Another important question is whether this effect on forest
growth is due to a permanent decrease in site productivity or just a temporal effect. One study
on this indicates that the effect is temporal rather than permanent (Egnell, 2011).

INFRES – Innovative and effective technology and logistics for forest residual biomass supply
in the EU (311881)

22

Impact Assessment on Carbon dynamics, forest growth and productivity, water quality, and
biodiversity – D5.2

31.1.2014

1.30
1.50

1.20

1.30
WTH/SOH

WTH/SOH

1.10
1.00
0.90

1.10
0.90

0.80
0.70

0.70

0.50

0.60
18

20

22

24
26
Site index (H100)

28

30

50

32

52

54

56

58
60
La tude

62

64

66

1.30
1.30

1.20

1.20

1.10
WTH/SOH

WTH/SOH

1.10
1.00
0.90

1.00
0.90

0.80

0.80

0.70

0.70

0.60
25

30

35

40
45
C/N Ra o

50

55

60

0.60
50

100

150

200

250

300

350

Addi onal N harvested (kg ha‐1)

Figure 8. Response ratio (WTH/SOH) showing relative growth of seedlings planted after harvest
wholetree harvest (WTH) including both stems and logging residues in final cut compared with
conventional stem only harvest (SOH) plotted against site index (height of dominant trees at 100 years
age), C/N‐ratio in the organic soil layer, latitude, and additional nitrogen harvested in WTH (kg ha‐1).
Filled triangle = Norway spruce, open triangle = Sitka spruce, filled circle = Scots pine. Small size = short‐
term results (here 10‐15 years), large size = mid‐term results (here 22‐30 years). Statistically significant
results in the individual studies are marked with red circles.

3.3.2.2 Logging residue harvest in thinnings and forest production
Results from long‐term experiments in Finland, Norway, Sweden, and Denmark indicate that
forest growth is negatively affected by WTH in thinnings even though there are exceptions and
many individual studies where the results are not statistically significant (Figure 9). Few trends
can be observed, but growth on Scots pine sites tends to be less affected with increasing C/N
ratio and latitude. This could also be a result of a slower reaction on these hash sites where left
logging residues are decomposed more slowly (Helmisaari et al., 2011). Growth losses following
WTH in thinnings can be compensated for with fertilizer, where nitrogen on most sites in
Scandinavia is the most important nutrient (Helmisaari et al., 2011). Therefore ash‐recycling
will not be sufficient to compensate for nutrients important for forest production on mineral
soils but could do good on peat soils usually growth‐limited by P and K (Aronsson and Ekelund,
2004).
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Figure 9. Response ratio (WTH/SOH) showing relative growth of the residual stand after whole‐ tree harvest (WTH)
including both stems and logging residues in thinning compared with conventional stem only harvest (SOH) plotted
against site index (height of dominant trees at 100 years age), C/N‐ratio in the organic soil layer, latitude, and
additional nitrogen harvested in WTH (kg ha‐1). Small bullet size = short‐term results (here 10 years), large bullet
size = mid‐term results (here 10‐20 years). Statistically significant results in the individual studies are marked with
red circles. Data from a large series of thinning experiments (the SNS‐series) are represented twice in the figure
with growth rates during the first two decades following harvest (Helmisaari et al. 2011).
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3.3.3 Expert appraisal: Experiments v.s. practical operations
Results from the peer‐reviewed literature clearly show that WTH has the potential to reduce
forest production at the stand level, primarily due to the additional removal of nutrients with
nitrogen being the most important in the boreal and northern temperate forest. This can be
compensated for by adding a fertilizer or other silvicultural means to increase forest
production. For a forest owner this means that the income for the delivered biomass in relation
to the cost for fertilization or other means to increase forest production will affect the amounts
delivered to the market. Since forest production in managed forests depends on the forest
owners belief in future markets for forest products it is important to consider effects of a
potentially large biomass market or the absence of one on their willingness to invest in their
forest property and thereby increase forest production. This can be more important for forest
production than small temporal reductions in tree growth at the stand level following WTH.
When transferring effects from experimental studies to practical operations it is important to
adjust for differences between the methods used in the experiments and practical operations.
A common feature for many of the field experiments generating the results in Figure 8 and 9 is
that they differ in some or many respects from practical operations. Therefore the
interpretation of the results needs to be done with care. Typical features for experiments
where WTH is compared with SOH are that:


Almost 100% of the logging residues is harvested, whereas in practical operations a
fairly large proportion is left on site (Nurmi, 2007; Peltola et al., 2011)



Left residues are evenly spread on SOH plots, whereas in a practical operation they end
up in rows, piles, or as bedding on the strip road



Planting is done the same year and usually only one year after harvest on WTH and SOH
plots, whereas in a practical operation logging residues constitute a physical
impediment for the regeneration operation that often starts year two or later. As a fact
WTH allows for earlier start of regeneration operations.



Machinery is often not allowed on the experimental plots, whereas in a practical
operation WTH means that there is no material available for bedding of the strip roads
and additional transport of the logging residues with increased risk for soil compaction
and rutting (Eliasson and Wästerlund, 2007, Worrell and Hampson, 1997)



Focus is on the performance of the planted seedlings, and establishment through
natural regeneration and advanced growth is not accounted for (pre‐commercially
thinned).



Site preparation is often moderate (manual patch) in experiments, whereas in practical
forestry in Scandinavia mechanical site preparation is often performed with the
potential to counteract effects of WTH both by increased survival and by stimulating
growth (Örlander et al., 2002).
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3.4 Water quality
Forest harvesting activities can have significant effects on watercourses. Subsequent increases
in levels of suspended solids, DOC, and aluminium have been recorded in studies and water
catchments can become increasingly acidified (Walmsley and Godbold, 2009). Nutrients may
also be released into the water although a study has found that this can be mitigated where
wholetree harvesting is carried out in areas of high atmospheric N deposition (Stevens et al.
1995)
Lattimore et al. 2013 describe the potential environmental impacts of wood energy systems on
hydrology and water quality. The impacts are described under four attribute headings


Ecosystem hydrologic flux (infiltration, groundwater recharge, interception and
transpiration)



Physical properties (turbidity, temperature, light infiltration)



Chemical properties (nutrients, toxic compounds, (acidification))



Biological properties (increased turbidity)

Intensive residue extraction can affect the hydrologic flux as compaction may cause soils to
become less permeable and cause water logging or increased runoff. Removal of slash and
resultant loss of protective roadbed for machinery may be a contributory factor to compaction.
Decreased leaf and slash area through removal of vegetation reduces interception of
precipitation and transpiration.
Increased residue extraction may also affect the physical properties of water as increased
overland flow, erosion and sedimentation may increase water turbidity and decrease light
availability in watercourses. On the other hand, the removal of vegetation adjacent to
watercourses may increase light infiltration and alter water temperature.
For chemical attributes residue extraction from forests may cause transport of topsoil into
watercourses. A proportion of the fertilizer used to compensate for the nutrient removal in
residues may also end up in watercourses and cause eutrophication of aquatic ecosystems.
Coniferous tree species are also known for acidifying effects on soils through the capture of
acidic compounds by the needles from the atmosphere. A change in the level of residue
extraction from coniferous stands may have effects on the acidity of adjacent watercourses.
In terms of biological attributes increased turbidity and temperature changes along with
changes in pH in water bodies adjacent to harvested areas may cause negative ecological
consequences such as disruption of spawning grounds and fish kills. An increase of toxic
compounds transported to water through overland flow may also have negative biological
effects.
3.4.1 Selected studies
Peer reviewed literature was searched that documented field trials comparing intensified
residue extraction with conventional harvest (see Table 5). Studies were not available which
showed data for each listed indicator of hydrology and water quality.
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Table 4. Selected studies for the review. Timescale of studied impacts relates to short term effects (=1, 0‐
10 years), mid‐term effects (=2, 11‐24 years), long‐term effects (>25 years)
Study

Country

Bio‐
geographic
zone

Tree
species

Biomass
harvested

Year of
study

Timescale
[1,2,3]

Hedwall, P. O., H. Grip, S. Linder, L.
Lövdahl, U. Nilsson, and J. Bergh.
2013. Effects of clear‐cutting and slash
removal on soil water chemistry and
forest‐floor vegetation in a nutrient
optimised Norway spruce stand. Silva
Fennica 47.
Aherne, J., Posch, M., Forsius, M.,
Lehtonen, A., and Härkönen, K. (2011).
Impacts of forest biomass removal on
soil nutrient status under climate
change: a catchment‐based modelling
study for Finland. Biogeochemistry,
107(1‐3), 471–488.
Zetterberg, T., Olsson, B.A., Löfgren,
S., von Brömssen, C., Brandtberg, P.O.,
2013. The effect of harvest intensity
on long‐term calcium dynamics in soil
and soil solution at three coniferous
sites in Sweden. Forest Ecology and
Management 302, 280‐294
Stevens, P. a., Norris, D. a., Williams,
T. G., Hughes, S., Durrant, D. W. H.,
Anderson, M. a., Woods, C. (1995).
Nutrient losses after clearfelling in
Beddgelert Forest: a comparison of
the effects of conventional and
wholetree harvest on soil water
chemistry. Forestry, 68(2), 115–131.

Sweden

Boreal

Norway
Spruce

Slash
(residues)

2013

1

Finland

Boreal

Boreal
forest

WTH

2008

3

Sweden

Boreal

Norway
spruce,
Scots
pine

WTH

2011

3

UK

Temperate

Sitka
spruce

WTH

1994

5 years

3.4.2 Results of the literature review
3.4.2.1 Hydrology.
Forests have significant influence on the hydrologic flux of an area (Neary et al. 2009). They are
also extremely valuable as a reliable source of clean water. They intercept precipitation (both
rain and snow) and use water in transpiration. Snow, when intercepted by branches in cold, dry
climates is mostly sublimated back to the atmosphere and does not reach the forest floor.
Forest harvesting changes the dynamics of the hydrological cycle. HarvestingHarvesting causes
greater levels of precipitation to reach the forest floor due to reduced interception. It leads to
increases in snow accumulation and subsequent snow melt water. Forest harvest reduces
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evapo‐transpiration (Eigenbrod and Saluza) and can lead to greater direct evaporation from the
soil surface due to a reduction in canopy which in turn leads to greater radiation reaching the
surface. Increased residue extraction which uses heavy machinery may cause soil compaction
and increased runoff (Lattimore, 2013). To date there has been a large body of work on water
yield effects of traditional forest harvest (Binkley et al.1993, Bosch and Hewlett 1982, Neary et
al. 1994, Neary et al. 2002) and of land use change for bioenergy (Bosch et al. 2012), but few
analyse the effects of bioenergy harvesting systems on hydrology. Studies show that increased
removal of the forest canopy results in increase water yield for both deciduous and coniferous
forest types (Bosch and Hewlett 1982, Sahin and Hall 1996). Neary and Koestner (2012) argue
that forest harvesting to provide bioenergy feedstock will not affect water supply quantity
adversely but argue that peakflows are of greatest concern. This is when reduced forest cover
increases potential for lateral flow within and above the soil surface on disturbed areas leading
to an increase of incoming water (snowmelt and rainfall) in receiving waters (wetlands, lakes
and streams) more quickly than under previous conditions. Martin and Hornbeck (2000)
examined the impact of wholetree harvesting on hydrology in a forested catchment and
observed higher magnitude, short‐term effects, and longer‐lasting changes in the WTH
watershed when compared with conventional harvest. However the differences were relatively
minor and were challenging to interpret, given the use of buffer strips in the CH watershed
(Berger et al. 2013). This author could not find any studies which gave a measurable response
of hydrology to bioenergy harvesting systems.
3.4.2.2 Water quality
Forest harvest influences the interception, retention, and cycling of water, energy, and
materials by the terrestrial ecosystem, changing delivery rates to surface waters.
HarvestingHarvesting conditions can result in changes in the dynamics of aquatic systems and
different intensities and types of harvest will have different impacts.
3.4.2.3 Nitrogen
Section 3.1.2.1 gives a comprehensive description of Nitrogen cycle in forests. Here we will
focus on nitrogen fluxes into watercourses. The Nitrogen dynamics of a forest stand is
influenced by the amount of nitrogen released and immobilized in decomposition of soil
organic matter, nitrogen deposition from the atmosphere, nitrogen added as fertilizer and
nitrogen removed through harvest. Studies have shown that soil water nitrate concentration
increases immediately after harvest. (Hedwall, 2013; Berden et al 1997, Ring et al, 2003,
Stevens, 1995). Hedwall found that nitrate concentration in soil water peaked approximately
two years after harvest but wholetree harvesting mitigated this in fertilised stands. In North
Wales, UK, Stevens et al. (1995) found that the nutrient losses from forest residues caused
stream nutrient levels to remain elevated for a longer period in watersheds where conventional
harvest took place compared with watersheds with wholetree harvesting practices where such
residues were lacking.
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3.4.2.4 Mercury and Methylmercury.
The levels of both total mercury (THg) and methyl mercury (MeHg) in runoff water and
downstream watercourses have been affected by forest harvest operations. Mobilisation of
these harmful substances by logging may pose ecological risks that may be further increased by
site preparation and stump harvesting. Eklöf et al. (2013) investigated the effects of stump
harvesting in comparison with ordinary site preparation, on the runoff concentrations of THg
and MeHg. Both treatments were compared with unharvested reference catchments.
Concentrations of THg and MeHg in the treated areas decreased after both stump harvesting
and site preparation relative to the reference catchment indicating that stump harvesting had
not caused increased concentrations of mercury or methylmercury in relation to traditional site
preparation. No response caused by stump harvesting or site preparation was found. Eklöf et
al. (2013) surmise that the concentrations of both THg and especially MeHg were high in all
catchments both before and after treatment compared with those reported in other studies
and this may have been the cause of the lack of response. The authors found no English
literature that studied effects of WTH or SOH on mercury in water.
3.4.2.5 Acidification.
Tree growth has a significant on the acid status of forest soils. It is expected that more intensive
harvesting practices will result in a higher export of alkalinity from forest sites compared with
stem only harvest practices. A depletion of base cations in forest soils under WTH is expected in
long term in Finland (Joki Heiskela et al. 2003)
One long term mass balance study has shown that WTH may lead to base cation deficits in
forest mineral soils in southern central and NE Finland (Joki‐Heiskela et al. 2003)
Aherne et al 2008 used the MAGIC model to evaluate the impacts of future emission reduction
policies and tree harvesting practices on soil and water chemistry. 163 lake catchments in
Finland were analysed and. SOH was compared with WTH. Two emission reduction policy
scenarios were examined: a current legislated recovery scenario (Cle) was compared with
maximum feasible recovery (MFR) in Finland. The authors found that WTH would re‐acidify
lakes under both scenarios. (Decrease in acid neutralising capacity ‐ ANC, pH and significant
decrease in base saturation). They predicted that large scale WTH would offset emission
reductions due to legislation and that further emission reductions would be required to
mitigate this effect. Even under the optimistic MFR scenario, base saturation still decreased
significantly. Therefore WTH would not be sustainable in the long term in acid sensitive
catchments and cause re‐acidification. However this study assumed 100% residue removal. The
authors maintained that increased fertiliser use may maintain soil nutrient status and lake
water quality and mitigate against acidification.
Zetterberg and Olsson (2011) conducted a study on four sites in southern and northern Sweden
which had been clear felled in 1975 and which had been since subject to different management
strategies (thinning or no thinning with or without slash removal). Wholetree harvesting was
compared with stem only harvest in terms of impacts on soil water chemistry. Wholetree
harvesting resulted in lower pH, ANC and lower concentrations of base cations in comparison
to conventional harvest 27‐30 years after harvest. They also found these effects were of limited
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duration having disappeared by the second phase of the study (32‐35 years after harvest). pH
was also negatively affected by the WTH treatment but this was also of limited duration.
3.4.3 Expert appraisal
After a review of the limited studies available which examined the effects of intensive residue
extraction, the following points can be noted.




It was difficult to find quantitative studies which examined the impacts of intensified
residue extraction on water, particularly outside the boreal zone.
The impact of intensive residue extraction on hydrologic flux should be further
examined where forests where peak flow is of concern.
Wholetree harvesting has a small positive effect on nutrient transport into
watercourses. (i.e. less nutrients are transported in catchments where WTH is carried
out.

 No measurable increase in mercury or methyl‐mercury was recorded as a result of
intensive residue extraction however this was the result of one study in a high mercury
area and hence may be worthy of further investigation.

 A measurable and substantial negative response of intensive residue extraction has
been recorded in acid sensitive water catchments in the boreal zone. Wholetree
harvesting caused a reduction in base cations, pH and acid neutralizing capacity. This
effect was found to last in the medium term (ca. 30 years) and large scale residue
extraction may impede any attempts to reduce acidification through control of
emissions.

3.5 Biodiversity – EFI
The extraction of wood for energy is likely to have far reaching impacts on biodiversity. The lack
of dead and decaying wood is a key factor in explaining why many forest species are nowadays
threatened (Berg et al. 1994, Esseen et al. 1997) and current renewable energy targets of
increasing forest‐based energy in the near future may increase that threat. Dead and decaying
wood availability is affected by several practices: wholetree harvesting during thinning and
postharvest recovery of logging residues and stumps after final fellings. Large‐scale fuelwood
removal may, on a landscape scale, decrease the amounts and diversity of substrate that
saproxylic organisms require as food and habitat (Bouget et al. 2012). Moreover, bioenergy
harvesting can also affect non‐saproxylic species through physical (e.g. soil compaction and
disturbance) and chemical changes in soil properties associated with fuelwood removal and
increased machine traffic. Moreover, increased fragmentation threatens populations of interior
forest species.
During the last couple of years, especially stump harvesting has been associated with many
adverse environmental impacts (Walmsley and Godbold 2010). Stemwood Only Harvesting
(SOH) leaves large quantities of deadwood, in the form of residues, stumps and roots which
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may make up to 80 per cent of the deadwood volume (Caruso et al. , 2008 ). The removal of
residues as well as stemwood has been found to remove up to 70 per cent of the dead wood
which would otherwise be left to decay (Rudolphi and Gustafsson 2005). As a consequence,
stumps may comprise the majority of the remaining deadwood after removal of harvest
residues (Egnell et al. 2007). Stumps therefore represent a very important component of the
deadwood habitat of harvested sites, especially when residue harvesting has taken place.
Stump extraction will lead to further depletion of the deadwood habitat in managed forests
and has led to concerns over potential impacts on forest biodiversity (Caruso et al. 2008).
3.5.1 Selected studies
Peer‐reviewed literature was examined for experimental field studies and modeling exercises
comparing the impacts of wholetree harvesting (WTH) and stem only harvesting (SOH) on
biodiversity (Table 6). The main criteria for inclusion in the literature review was that the
studies had to be comparative, i.e. they had to compare a WTH treatment with a SOH
treatment, and second, the studies had to present clear numbers; in this case the number of
species for a group of organisms or a biodiversity index including a description of the
calculation method. After screening of the available literature, 10 studies were included in the
analysis. The majority of the studies report on the impacts of clearcutting and thinning but
some studies also include partial cutting and stump harvesting. The time scale between
harvesting and assessment of the impacts varied between 1‐135 years. For the initial analysis of
research papers, I started with a broad focus searching for studies from all biogeographic
regions in Europe. However, due to a lack of published results from Europe, and in particular
the more southern European regions, comparing conventional harvesting with wholetree
harvesting I decided to include studies from North America as well. There are good reviews
evaluating the possible impact of fuelwood harvesting on biodiversity in central Europe, see for
instance the reviews by Walmsley and GodBold (2010), Bouget et al. (2012) and Berger et al.
(2013). However, these qualitative reviews lack quantitative data and the aim of our review
was to make a quantitative estimate of the impacts. For the quantitative analysis I included
only empirical field studies and modeling exercising providing a clear quantitative estimate of
the impacts on biodiversity (measured in terms of species richness or a biodiversity index) of
wholetree harvesting compared with stem only harvesting. These studies were lacking from
central and southern Europe and therefore the analysis has a strong focus on the boreal zones
of Northern Europe and North America.
Table 5. Selected studies for the review. Timescale of studied impacts relates to short term effects (=1,
0‐10 years), mid‐term effects (=2, 11‐24 years), long‐term effects (=3, >25 years).
Study

Country

Bio‐
geographic
zone

Tree
species

Biomass
harvested

Year of
study

Timescale
[1,2,3]

Åström, M., M. Dynesius, K.
Hylander, and C. Nilsson. 2005.
Effects of slash harvest on
bryophytes and vascular plants in
southern boreal forest clear‐cuts.
Journal of Applied Ecology

Sweden

Boreal

P. abies

Harvest
residues at
clearcut

2002‐
2003

2
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42:1194‐1202.
Allmér, J., J. Stenlid, and A.
Dahlberg. 2009. Logging‐residue
extraction does not reduce the
diversity of litter‐layer saprotrophic
fungi in three Swedish coniferous
stands after 25 years. Canadian
Journal of Forest Research
39:1737‐1748.
Lindgren, P. M. F. and T. P. Sullivan.
2013. Influence of stand thinning
and repeated fertilization on plant
community abundance and
diversity in young lodgepole pine
stands: 15‐year results. Forest
Ecology and Management 308:17‐
30.
Sullivan, T. P., D. S. Sullivan, P. M. F.
Lindgren, and D. B. Ransome. 2013.
Stand structure and small
mammals in intensively managed
forests: Scale, time, and testing
extremes. Forest Ecology and
Management 310:1071‐1087
Victorsson, J. and M. Jonsell.
2013a. Effects of stump extraction
on saproxylic beetle diversity in
Swedish clear‐cuts. Insect
Conservation and Diversity 6:483‐
493.
Dahlberg, A., G. Thor, J. Allmér, M.
Jonsell, M. Jonsson, and T. Ranius.
2011. Modelled impact of Norway
spruce harvest residue extraction
on biodiversity in Sweden.
Canadian Journal of Forest
Research 41:1220‐1232
Littlefield, C. E. and W. S. Keeton.
2012. Bioenergy harvesting impacts
on ecologically important stand
structure and habitat
characteristics. Ecological
Applications 22:1892‐1909.
Rudolphi, J. and L. Gustafsson.
2005. Effects of forest‐fuel
harvesting on the amount of
deadwood on clear‐cuts.

31.1.2014

Sweden

Boreal

P. abies, P.
sylvestris,
B. pendula

Harvest
residues at
clearcut

2002‐
2005

3

Canada

Montane/
boreal

Pinus
contorta

Whole
trees at
thinning

2003‐
2008

2

Canada

Montane/
boreal

Pinus
contorta

Whole
trees at
thinning

1990‐
2009

2

Sweden

Hemiborea
l‐boreal

P. abies, P.
sylvestris,
Betula
spp., P.
tremula

Harvest
residues
and
stumps at
clearcut

2009

1

Sweden

Hemiborea
l‐northern
boreal

P. abies

Harvest
residues at
thinning
and
clearcut

‐

3

USA

Temperate

Whole
trees at
clearcut

‐

1

Sweden

Southern
boreal

Fagus
grandifolia
, Betula
alleghanie
nsis and
Tsuga
Canadensis
P. abies, P.
Sylvestris

Harvest
residues at
clearcut

‐

1
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Scandinavian Journal of Forest
Research 20:235‐242
Nittérus, K., M. Åström, and B.
Gunnarsson. 2007. Commercial
harvest of logging residue in clear‐
cuts affects the diversity and
community composition of ground
beetles (Coleoptera: Carabidae).
Scandinavian Journal of Forest
Research 22:231‐240.
Gunnarsson, B., K. Nittérus, and P.
Wirdenäs. 2004. Effects of logging
residue removal on ground‐active
beetles in temperate forests.
Forest Ecology and Management
201:229‐239
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Sweden

Southern‐
mid‐boreal

P. abies

Harvest
residues at
clearcut

2002

1

Sweden

Hemi‐
southern
boreal

P.abies

Harvest
residues at
clearcut

2001‐
2002

1

3.5.2 Results of the literature review
Quantification of the available results in the examined literature revealed that the biodiversity
impacts of WTH compared with conventional SOH are in many cases negative, although there
are some species groups where no clear effect or even some positive impacts (Table 6 and 7)
have been observed. The amounts of fine woody debris (FWD)(2013) and course woody debris
(CWD) were both markedly reduced by WTH (Table 7)(Rudolphi and Gustafsson 2005, Littlefield
and Keeton 2012, Dahlberg et al. 2013). Carabidae or ground‐dwelling beetles showed a varied
response and positive (+29%) as well as negative impacts (‐19%) have been reported (Table
7)(Gunnarsson et al. 2004, Nittérus et al. 2007).
Table 6. Statistically significant changes in the amount of dead wood (Fine Woody Debris (FWD) and
Course Woody Debris (CWD)) and species richness of ground‐dwelling beetles after WTH compared to
SOH. n.s indicates non‐significant results.
Site type

Impact FWD

Impact CWD

relative change, %

relative change, %

Impact ground‐dwelling
beetles
relative change, %

All sites

min

max

min

max

min

max

‐59.4%

‐12%

‐100%

‐3%

‐19%

29%

For most groups of species or organisms (hereafter called functional groups) there was only a
single study available. This made it impossible to compare the observed impacts between
different studies. Nevertheless, significant impacts have been observed in individual studies
and help us to understand how different functional groups with different habitat requirements
and life cycles respond to WTH. Beetles, with fungivore beetles in particular, shrubs, structural
diversity of trees, mosses and liverworts were negatively affected by WTH (Table 8). On the
other hand and in some cases very contrasting, diversity of trees and small mammals was
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enhanced in the reported studies were WTH was practiced. It is clear that the impacts of WTH
are complex and a multitude of factors may operate at the same time. Therefore the impacts of
WTH may vary for different species groups, harvesting methods and intensity, habitat and
locality. In the next sections we will look at the different functional groups in more detail.
Table 7. Statistically significant changes in species richness and/or species diversity of different
functional groups after WTH compared to SOH. n.s indicates non‐significant results.
Functional group

Bio‐
geographic
zone

Habitat

Country

Impact,
relative
change, %

All beetles (nr. of species)

Hemi‐
boreal/boreal

Mixed spruce
forest

Sweden

‐16%

Victorsson and
Jonssel 2013b

Cambivore beetles (nr. of
species

Hemi‐
boreal/boreal

Mixed spruce
forest

Sweden

0.6% (n.s.)

Victorsson and
Jonssel 2013b

Predator beetles (nr. of
species)

Hemi‐
boreal/boreal

Mixed spruce
forest

Sweden

5% (n.s.)

Victorsson and
Jonssel 2013b

Fungivore beetles (nr. of
species)

Hemi‐
boreal/boreal

Mixed spruce
forest

Sweden

‐47%

Victorsson and
Jonssel 2013b

Vascular plants (nr. of
species)

Boreal

Spruce forest

Sweden

‐7% (n.s.)

Åström et al.
2005

Herbs (Simpson index)

Montane/sub‐
boreal

Spruce forest

Canada

27% (n.s.)

Lindgren et al.
2013

Shrubs (Simpson index)

Montane/sub‐
boreal

Spruce forest

Canada

‐15% (n.s.)

Lindgren et al.
2013

Trees (Simpson index)

Montane/sub‐
boreal

Spruce forest

Canada

41%

Lindgren et al.
2013

Structural diversity
(Shannon‐Weiner)

Temperate

Northern
hardwood – conifer
forest

USA

‐11%

Littlefield and
Keeton 2012

Fungi (nr. of species)

Boreal

Spruce forest

Sweden

7% (n.s.)

Allmér et al.
2009

Mosses (nr. of species)

Boreal

Spruce forest

Sweden

‐9%

Åström et al.
2005

Liverworts

Boreal

Spruce forest

Sweden

‐39%

Åström et al.
2005

Forest‐floor small
mammals (Shannon
index)

Montane/sub‐
boreal

Spruce forest

Canada

27%

Sullivan et al.
2013
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3.5.2.1 Dead wood
Research on wood‐ and bark‐inhabiting species has mostly focused on Course Woody Debris
(CWD), whereas the biological importance of Fine Woody Debris (FWD) has received less
attention. However, several studies have shown both natural FWD and logging residue FWD to
be species rich (Kruys and Jonsson 1999; Caruso et al. 2008; Jonsell et al. 2007).
The literature review revealed a clear negative impact of wholetree harvesting on both fine
(FWD) and course woody debris (CWD)(Fig. 10, 11). Dead wood decreased markedly after WTH
in the reported studies after thinning, partial felling (Littlefield and Keeton 2012) and clear cut
harvesting (Rudolphi and Gustafsson 2005). Littlefield and Keeton (2012) and Rudolphi and
Gustafsson (2005) observed a negative short‐term impact 1‐5 years after harvesting. In
addition, similar negative impacts on fine woody debris in particular were observed when WTH
was simulated over a whole rotation cycle spanning a period of about 135 years (Dahlberg et al.
2011). The results by Dahlberg et al. (2005) suggest that extraction of harvest residues may
cause a 35%–45% reduction in aboveground FWD and a more than 20% decline in the potential
amount of substrate for about 50% of the species (affecting basidiomycetes and beetles more
than lichens). However, it was noted that most of the extracted residues where spruce
residues. Furthermore, no red‐listed species is primarily associated with logging residues of
Norway spruce (Jonsell 2008). Therefore, the authors suggested that the current situation in
Sweden with extraction of 70% of Norway spruce FWD on 50% of the clearcuts probably
constitutes a minor contribution to the regional extinction risks.
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Figure 10. Response ratio (WTH/SOH) of Fine Woody Debris (FWD). Green marks mean thinning and
partial cutting. Orange marks mean that the impacts are measured over a whole rotation cycle (final
felling and all following thinnings). Circles refer to Norway spruce and diamond to other species (Fagus
grandifolia, Betula alleghaniensis and Tsuga Canadensis). Significant differences are indicated with a red
circle.
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Figure 11. Response ratio (WTH/SOH) of Course Woody Debris (FWD). Green marks mean thinning and
partial cutting. Orange marks mean that the impacts are measured over a whole rotation cycle (final
felling and all following thinning) and blue marks mean clearcutting. Circles refer to Norway spruce,
triangle to Scots pine, diamond to other species (Fagus grandifolia, Betula alleghaniensis and Tsuga
Canadensis) and cross to all tree species from the study by Rudolphi and Gustafsson (2005).Significant
differences are indicated with a red circle.

Course woody debris is considered to be more species rich compared to fine woody debris
(Jonsell 2008) and contrasting to FWD, CWD is associated with red‐listed species (Berg et al.
1994). In the study by Littlefield and Keeton (2012), harvested areas of wholetree harvested
(WTH) sites had significantly fewer large live trees (>50 cm dbh) and standing snags than did
areas of non‐WTH sites. In the study by Rudolphi and Gustafsson (2005), it was found that 65%
of the volume, 77% of the surface area and 84% of the pieces of slash were to be extracted. In
another study on 23 clear‐cuts in the same region, it was found that 36% of the logs left outside
piles after clear‐cutting were later removed. Rudolphi and Gustafsson (2005) suggested that if
biodiversity is to be considered in connection with logging and biofuel extraction, a key issue
would be to inform operators regarding the importance of retaining the old and large logs.
3.5.2.2 Beetles
Overall, the literature review revealed a clear negative impact of WTH on species richness of
beetles (Gunnarsson et al. 2004, Nittérus et al. 2007, Victorsson and Jonsell 2013a) although in
one case a positive impact was observed (Nittérus et al. 2007)(Fig. 12). Most of the studies
were rather short‐term (1‐7 years). The study by Nittérus et al. (2007) examined the
consequences of slash removal on carabids (Coleoptera: Carabidae = ground‐dwelling beetles)
5‐7 years after harvest. According to their findings, the number and diversity of carabid species
were significantly higher in clear‐cuts with slash harvest than in sites where slash was left on
the ground. Furthermore, they noted that for species with certain habitat preferences the
community was significantly altered. In clear‐cuts, slash removal caused a shift in dominance
with an increase in generalist species and a decline in forest species. Nittérus et al. (2007)
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suggested that in forest landscapes with large‐scale biofuel harvest, generalist carabid species
may increase their abundance.
In contrast to the study by Nittérus et al. (2007), Gunnarsson et al. (2004) found that the
number of ground‐dwelling beetles per trap was significantly higher on sites were slash was
retained than on sites where slash was removed. They concluded that extensive slash removal
leads to impoverished species richness of Coleoptera at a local scale and that slash heaps left
on a site may provide important refuges for ground‐active beetles.
Victorsson and Jonsell (2013a) studied the effects of stump extraction on saproxylic beetle (=
wood‐decaying beetles) diversity in Swedish clear‐cuts. Saproxylic beetles depend on dead
trees and stump extraction will reduce the amount of habitat available for this group. In the
study by Victorsson and Jonsell (2013a), stump extraction reduced the number of saproxylic
species per stump and per clear‐cut. Also species at higher trophic levels such as predator
beetles and fungivorous beetles suffered negative effects. Stump extraction reduced the
number of species of fungivores and predators at the clear‐cut level and reduced the relative
abundance of predators at the stump level. These results indicate that if stumps are extracted
from a high proportion of the clear‐cuts in a region, the present Swedish recommendations of
leaving 15–25% of the stump volume will be insufficient for preserving the beetle fauna in the
stumps.
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Figure 12. Response ratio (WTH/SOH) of beetles. All studies included in the analysis for beetles were
carried out in spruce forest after clearcutting. Blue marks refer to clearcutting with removal of harvest
residues and orange marks refer to clearcutting and stump removal. Circles refer to the total number of
beetle species, squares to ground‐dwelling beetles, triangles to fungivore beetles, diamonds to predator
beetles and cross to cambivore beetles. Significant differences are indicated with a red circle.

There exists another indirect impact of stump removal which may present an additional threat
to beetles. After stump extraction, stumps are stored in piles on or next to the clearcut for
about 2 years. These storage piles may become a trap for saproxylic insects if they attract many
breeding individuals, whose offspring are killed at biofuel processing (Victorsson and Jonsell
2013b). The results by Victorsson and Jonsell (2013b) indicated that the stump storage piles
were a severe ecological trap for some individual species. However, beetles occurred in lower
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densities in stump storage piles compared to surrounding clear‐cuts which indicates that stump
storage piles did not constitute a community‐wide ecological trap.
3.5.2.3 Vascular plants, fungi, mosses, liverworts and small mammals
Åström et al. (2005) examined the effects of commercial slash harvest after clearcutting on
species composition and richness of liverworts, mosses and vascular plants. The species
composition of mosses and liverworts was significantly affected by slash harvest, whereas the
composition of vascular plant species was not (Fig 13). In particular, the loss of liverwort
species was large, with approximately one‐third of the species disappearing. The results by
Åström et al. (2005) show that slash harvest reduces shelter and woody substrates, which
changes species composition and reduces species richness of liverworts and mosses in
clearcuts. Increased mechanical disturbance that removed remnant vegetation and exposed
mineral soil may have played a role as well. The authors suggest that in order to conserve
bryophytes, more care should be taken in slash‐harvested stands. For instance, leaving more
tree clusters, and creating and protecting large woody debris would be especially important in
these stands, and would also improve the habitat for other organisms.
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Figure 13. Response ratio (WTH/SOH) of the number of species of vascular plants, fungi, mosses and
liverworts. All studies included in the analysis for these functional groups were carried out in spruce
forest after clearcutting with removal of harvest residues. Cross refers to the number of vascular plant
species (n.s.), square to fungi, diamond to mosses and circle to liverworts. Significant differences are
indicated with a red circle.

Allmér et al. (2009) found that harvest residue extraction did not reduce the diversity of
saprotrophic fungi in the litter layer of a Swedish clearcut after 25 years. No differences in
species richness or abundance of species was detected between stands with and without slash
removal, suggesting that the extraction of logging residues had a negligible long‐term impact
on saprotrophic fungi.
In the previous paragraphs we saw the impact of WTH versus conventional SOH on biodiversity,
measured by means of a simple and straightforward indicator for biodiversity, i.e. species
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richness, which is simply the number of species. There are other measures of biodiversity, for
instance, it can be expressed by a biodiversity index. Biodiversity indices can also be based on
the number of species, but often the abundance of organisms is also taken into account.
Therefore, the interpretation of indices needs more careful consideration and therefore I
decided to show results expressing biodiversity indices in a separate graph. Another reason to
put them in a separate graph was that all studies using biodiversity indices are from North
America.
Lindgren et al. (2013) studied the influence of thinning and on plant community abundance and
diversity in young lodgepole pine stands. The study (Lindgren et al. 2013) found that the mean
structural diversity of the tree layer was significantly greater in the most heavily thinned stands
(250 stems/ha) than in the unthinned and lightly thinned stands (2000 stems/ha)(Fig. X). The
enhanced structure of the tree layer with heavy thinning was due to enhanced regeneration of
other tree species that established and grew within the relatively open growing conditions of
the heavily thinned stands compared to the lightly thinned stands. The authors suggested that
pre‐ commercial thinning of young lodgepole pine stands (10 year‐old stands in this study)
appear to be management strategies compatible with wood production and biodiversity
conservation.
The impact of WTH on small mammal populations has also been documented by other studies
carried out In the same Lodgepole pine stands as those studied by Lindren et al. (2013). In a
study by Sullivan et al. (2013), heavily thinned stands up to 21 years after pre‐commercial
thinning maintained a higher level of species diversity of forest‐floor small mammals than old‐
growth stands (Fig 14). Presumably there was a greater number of microhabitats for small
mammals due to the development of a more complex stand structure since the time of
thinning. The positive impact on small mammal diversity may have been related to the start of
canopy closure in the medium‐ and high‐density stands, thereby affecting understory plant
development, and consequent availability of habitat for a variety of small mammals.
There are also some contrasting findings, suggesting that the impacts of WTH depend on
harvesting intensity, stand age, tree species, stand density, location and climatic conditions. For
instance, in contrast with the findings of Lindgren et al. (2013), Littlefield and Keeton (2012),
observed decreased structural diversity in temperate beech (Fagus grandifolia) stands which
had been wholetree harvested compared to non‐wholetree harvested stands after thinning and
partial cutting (Fig 14). Wholetree harvesting had a greater, more negative impact on stand
structural complexity than did other forms of harvesting. Relatively lower values indicate a
more homogenous forest structure in terms of species composition and size distribution. The
results suggested that bioenergy harvests are removing larger stems of poorer quality or less
profitable species. As a conclusion the authors stressed the importance of clear harvesting
guidelines since important structural elements are not consistently retained under the current
harvesting practices, particularly at sites that are wholetree harvested.
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Figure 14. Response ratio (WTH/SOH) of diversity indices measured for different functional groups. All
studies included in this analysis were carried out in North America (Canada and USA) and in all studies
thinning was practiced. Circle refers to herbs diversity, square to shrub diversity, triangle to tree
diversity, diamond to forest floor small mammal diversity and cross to stand structural diversity (basal
area by tree species and size class). Significant differences are indicated with a red circle.

3.5.3 Expert appraisal
Demand for forest bioenergy fuel is increasing in Europe, but ecological impacts, particularly on
habitat and biodiversity, of bioenergy harvesting remain poorly explored in the peer‐reviewed
literature. Over the past two decades reviews have synthesized the global body of literature
addressing harvesting impacts on forest structure and made inferences about the possible
impacts of bioenergy harvesting (Walmsley and Godbold 2010, Bouget et al. 2012, Berger et al.
2013) ). Solid evidence from empirical studies is still relatively scarce, although gradually more
and more data are becoming available. One reason for the relative scarcity of empirical field
data may be that bioenergy harvesting in Europe is typically conducted jointly with other
objectives, including commercial sawlog and pulpwood harvesting. Another reason is that
large‐scale bioenergy harvesting is a relatively recent activity which might explain the lack of
experimental studies which require time to set up and analyse the impacts. There are relatively
more studies focussing on the ecological impacts of conventional thinning and clearcutting.
One question what we would have liked to answer in this review is how much can be harvested
without an effect or with an acceptable effect on biodiversity? From the scarce results it can be
noted that energywood harvesting in the form of whole trees, harvest residues and stumps had
significant impacts on the amount of both fine and course woody debris. As a direct or indirect
consequence, diversity of saproxylic and fungivorous beetles, mosses and liverworts were also
negatively affected by wholetree harvesting. The response of vascular plants was neutral but it
has to be noted that there were only few studies on plants included in the analysis. There were
also only single suitable studies examining diversity of trees, stand structural diversity and small
mammals which showed in some cases a positive response to wholetree harvesting. Based on
this small number of studies it is not possible to identify a threshold of how much can be
harvested without affecting biodiversity. Even if there would be more studies available it can be
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quite an impossible task to define such a threshold. Biodiversity is determined by processes
working over very large scales both in space and time. Most species can disperse over very
large distances although for some species a small barrier such as a forest road can already be a
major obstacle. Furthermore, population extinction is a process that works over many years.
Over a longer time scale, the possibility of dispersal increases which in turn will decrease
extinction risk. On the other hand, we have to be aware of a possible extinction debt (Hanski
2000). The way we treat our environment today may still have an impact far into the future. A
species on the risk of extinction may be able to cope with the changed environment for a
certain period of time, but after a certain period it may still go extinct.
In order to preserve viable populations of forest species, it has been suggested that our
conservation effort should be concentrated on those areas where biodiversity is still rich
(Hanski 2000). Concentrating conservation measures requires that these hotspots for
biodiversity are identified and protected (Jonsell 2008). Also care should be taken with energy
wood harvesting near nature reserves with high biological values associated with dead wood.
Harvest residues are mainly extracted from spruce stands. Fine spruce wood has a rather low
diversity of associated organisms (Jonsell et al. 2007) and therefore has a low value to
biodiversity. On the other hand, it would be very important to retain other species, and
especially deciduous species such as aspen, oak, lime and other southern deciduous species
which are associated with a rich fauna. In areas with a rich flora and fauna associated with dead
wood extra care should be taken related to forest fuel extraction (Jonsell 2008) and especially
old living and dead deciduous trees important to biodiversity should be retained.
Summarized key statements from literature review results:


Fuelwood harvesting had clear negative impacts on both fine and course woody debris
thereby affecting diversity of species which are dependent on dead wood such as
mosses, liverworts and wood‐decaying (saproxylic and fungivorous) beetles.



Other groups of organisms had a more varied response. For instance, diversity of
ground‐dwelling beetles, plants and stand structural diversity showed both positive,
negative or neutral impacts of bioenergy harvesting.



Solid scientific evidence on the impacts of bioenergy harvesting on biodiversity is
however very scarce and mainly from the boreal zone in Europe and North America.
Lack of data and complex processes like population dispersal and extinction debt make
it complicated and perhaps not even possible to define a threshold for sustainable
fuelwood extraction in terms of biodiversity impacts.



Therefore it would be of the utmost importance to take the precautionary principle:
o Concentrate conservation efforts on those areas where biodiversity is still rich.
Biodiversity hotspots need to be identified and protected.
o Care should be taken with energy wood harvesting near nature reserves with
high biological values associated with dead wood.
o It is important to retain old deciduous living and dead deciduous trees which are
important to biodiversity. Especially species such as oak, lime and aspen are
associated with a rich flora and fauna.
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4 Discussion
4.1 Regional and topical coverage of the reviewed literature
Environmental impacts of intensive forest biomass harvesting have been intensively studied
recently and a large number of scientific papers get published on this topic. However, at closer
inspection, the coverage of scientific knowledge is very incomplete. Most studies originate from
the boreal region. Only few studies were found from the temperate region – mainly from
coniferous forests in the UK. Central, Eastern and Southern Europe are hardly represented at
all. This can be partly explained by the fact that harvest residue extraction has been mainly
practiced in Scandinavia and the UK. Perhaps there is also a language bias as some studies from
other European regions may have been published in local languages, whereas this review have
primarily considered the peer‐reviewed English literature.
It is also noteworthy that many publications originate from the same experiments that have
been studied intensively over multiple years. Consequently, the coverage of species, site
conditions and management regimes investigated is not as broad as could be expected given
the large number of references identified in the first literature screening.
Furthermore, several of the well studied experiments describe practices which are quite
different from common forest management practices. For example, whereas it is common
practice to only remove part of the harvest residues, main experimental data cover only
complete removal of branches and needles. It is evident, that biomass harvesting regimes as
they are currently practiced are not well investigated in terms of their impacts on the target
variables.

4.2 Sustainability impacts of forest biomass residue extraction
The results of the review are quite heterogeneous. The review found for most impact factors
that effects varied between sites and circumstances. Only a relatively small share of the studies
found impacts that were statistically significant. This is partly explained by the large spatial
variability of site conditions and the large number of samples that are needed to detect e.g. soil
carbon changes (Conen et al., 2005).
An important finding is that most impacts that were identified could only be detected after
time spans of at least 10 years and beyond. Helmisaari et al. (2011) showed that growth
reductions following WTH in thinnings did not reduce growth in the residual stand until the
second 10‐year period (10 – 20 years) on most of the poorer Scots pine stands and Egnell
(2011) showed a window between 8 and 12 years with significantly reduced growth for planted
Norway spruce seedlings. One explanation for this is that it takes time before logging residues
results in net release of nitrogen (Hyvönen et al., 2000, McClaugherty, 1986), which is the
major growth limiting nutrient in temperate and boreal forests. At the same time the reduction
in harvest residues may lead to reduced competition for natural regeneration, and thus
compensating the loss of Carbon and nutrients. When it comes to soil productivity, there is a
need for long‐term WTH experiments as well as for modelling studies that cover a large range
of different site types and tree species and extend over a whole rotation period (Thiffault et al.
2011, Egnell 2011).
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This means that conclusions cannot be drawn from short–term studies only. The fact that most
short term studies report no negative impacts of harvest residue extractions cannot be
interpreted as a safeguard against possible long term adverse effects. As we intend to combine
the review results in a further step with biomass potential assessments to provide better
guidance on the sustainability of biomass removal targets, we were seeking in the analysis to
differentiate impacts between detectable changes and more critical adverse impacts. However,
as only few impacts were statistically significant, there were not enough results to make any
more detailed analysis such as identifying sustainability thresholds. In the qualitative expert
appraisals we tried to identify critical sustainability issues as far as possible.
It would be interesting to check consistency between results for different impact factors, as
especially nutrients, carbon content and productivity interact with each other. Some
experiments do cover multiple impacts. However, water and biodiversity impacts are usually
studied in separate experiments and the interactions with the other impact factors are less
obvious. Fully integrated impact studies were not identified in this review and should be
targeted in further research studies.
Summary of key messages from expert appraisals:


For Carbon and nutrient balances, temporal changes in soil C through the rotation
period and inputs of C from above and below ground litter are suggested to mask
effects of slash harvesting (Thiffault et al., 2011).



Results from the peer‐reviewed literature clearly show that WTH has the potential to
reduce forest production at the stand level, primarily due to the additional removal of
nutrients with nitrogen being the most important in the boreal and northern temperate
forest. This can be compensated for by adding a fertilizer or other silvicultural means to
increase forest production.



Results from scientific study data can not immediately be transferred to forest
operations due to different practices. E.g. Machinery is often not allowed on the
experimental plots, whereas in a practical operation WTH means that there is no
material available for bedding of the strip roads and additional transport of the logging
residues with increased risk for soil compaction and rutting (Eliasson and Wästerlund,
2007, Worrell and Hampson, 1997)



In trial sites studying nutrient balances, the focus is on the performance of the planted
seedlings, and establishment through natural regeneration and advanced growth is not
accounted for but pre‐commercially thinned.
Increased harvesting of biomass decreases the nutrients stocks at a site, but not
necessarily in the soil. Removal of logging residue does not clearly decrease soil N, P or
base cations stocks in short and medium term.
Fertilization can be used to sustain nutrient availability, but leaving residue needles and
leaves on site is beneficial as regards the maintenance of organic matter in the soil and
returning nutrients to the soil.
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The most vulnerable site and soil types are rather easy to identify. Still, there is a need
for long‐term WTH experiments as well as for the modelling studies that cover a large
range of different site types and tree species and extend over a whole rotation period.
Harvesting of logging residues can also have a positive influence to tree growth as
absence of logging residues makes soil preparation and planting easier and results in
denser and more uniform stands.
In order to get a realistic overview of the effects of WTH compared with SOH, soil stocks
and processes, forest growth and new vegetation, and nutrient and leaching losses
should be studied at the same site concurrently.
For water balances, wholetree harvesting has a small positive effect on nutrient
transport into watercourses. (i.e. less nutrients are transported in catchments where
WTH is carried out.)
No measurable increase in mercury or methyl‐mercury was recorded as a result of
intensive residue extraction however this was the result of one study in a high mercury
area and hence may be worthy of further investigation.
A measurable and substantial negative response of intensive residue extraction has
been recorded in acid sensitive water catchments in the boreal zone. Wholetree
harvesting caused a reduction in base cations, pH and acid neutralizing capacity in the
medium term (ca. 30 years) and large scale residue extraction may work against any
attempts to reduce acidification through control of emissions.
For biodiversity aspects fuelwood harvesting had clear negative impacts on both fine
and course woody debris thereby affecting diversity of species which are dependent on
dead wood such as mosses, liverworts and wood‐decaying (saproxylic and fungivorous)
beetles. Other groups of organisms had a more varied response. For instance, diversity
of ground‐dwelling beetles, plants and stand structural diversity showed both positive
and negative as well as neutral impacts of bioenergy harvesting.
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4.3 Implications for policy implementation
The lack of quantitative sustainability criteria for the evaluation of harvest residue extraction
implies that the implementation of renewable energy policies cannot be based on solid
scientific evidence. A common recommendation from the literature is to adopt a precautionary
principle and to avoid practices that could potentially lead to adverse impacts on sustainability.
Regarding biodiversity protection, there are relatively widely discussed and well established
concepts available, which advocate either multi‐purpose forestry or a strict separation of
management regimes (also termed land sharing versus land sparing; cf. (Phalan et al., 2011)).
The biodiversity impact review suggested that strictly protected forests are crucial for
biodiversity protection. Similar principles have not been established for other impact factors:
would it be advisable to apply quite intensive residue extractions on a smaller part of the forest
area, or would the biomass utilization be more sustainable with lower intensity of removals
applied to all forests?
To follow the precautionary principle, it would be recommendable to exclude sensitive sites
from intensive residue extraction, such as Biodiversity hotspots, which are areas where
biodiversity is still rich. This includes buffer zones around nature reserves with high biological
values associated with dead wood. Further it is important to retain old deciduous living and
dead deciduous trees which are important to biodiversity. Especially species such as oak, lime
and aspen are associated with a rich flora and fauna.

4.4 Remaining knowledge gaps
Throughout all study fields knowledge gaps where identified especially for


Studies from other regions besides the boreal



Long term experiments with practice relevant harvest technologies



Integrated studies covering multiple impact factors



Cross‐sectoral studies at landscape level that integrate multiple management goals
across Europe

5 Conclusions
Reliable, quantified results and trends on the environmental effects of intensified biomass
harvesting across Europe are only partially available from the boreal forest region. The
utilization of harvest residues is much more common in this region compared to the rest of
Europe. However, even for the boreal region, there are only few long term impact studies
available for realistic harvest removal technologies. Most existing studies compared whole‐
tree‐felling with stemwood only harvesting. Consequently, it is difficult to evaluate the
sustainability impacts of varying intensity of forest biomass harvests. Clearly this research field
needs continuing attention. The review showed that most observed impacts could only be
detected more than 10 years following the event. Current European policy implementation
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aiming at increased biomass use (e.g. Directive 2009/28/EC) requires sound and site‐specific
recommendations for sustainable bioenergy harvesting operations to avoid degrading
European forest in their biodiversity and productivity, or putting the water protection functions
of forests at risk.
In an update of this deliverable, the authors will expand the scope for this study and combine
the results with new biomass resource projections from ongoing, parallel work.
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