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Abstract
Purpose of Review The comprehensive assessment of timber and fuelwood harvesting operations through the consideration
of the three pillars of sustainability: Economic, social, and environmental has not received much attention. The use of criteria
can significantly improve impact assessment. Therefore, the objective of this review paper is to compile and analyze the
most commonly used criteria and indicators for each dimension of sustainability in logging operations over the last 6 years.
This review provides an overview of these criteria for different harvesting machines, geographical areas, slope classes, time
periods, types of research, and silvicultural treatments.
Recent Findings The environmental pillar was the most studied (46%), followed by the economic pillar (38%). Productivity
was the most investigated criterion (15%). On the one hand, productivity is linked to the environmental and social pillars, as
it is related to the level of greenhouse gas emissions, energy consumption, and the employment rate. However, productivity is
mainly used as a criterion of financial interest, as it is most often studied in combination with costs. In addition to productivity,
the other most frequently examined criteria were costs (10%), soil nutrients (9.5%), and soil compaction (9%). The social
dimension was the least studied pillar (16%). This may be due to a lack of knowledge of social sustainability issues in this
area.
Summary Sustainability is achieved when all three dimensions are balanced. The results of this review show an imbalance,
with economic and environmental aspects being weighted more heavily than social aspects. Balancing all three dimensions
typically requires an assessment of trade-offs. This review provides a comprehensive summary of the criteria that have been
studied to date and can be used as a checklist and guideline for future sustainability assessments of harvesting operations.

Keywords Timber harvesting · Machine impact · Three-pillar model · SDGs · Productivity · Soil compaction ·
Working environment

Introduction

Hardly anything else has gained as much importance in the
last few centuries as the concept of sustainability. How-
ever, the term sustainable has a long history. Its roots lie
in forestry and are attributed to Johann “Hannß” Carl von
Carlowitz (1645–1714) [1]. Since then, in forestry, the idea
of sustainability has changed from a stable forest area and
sustained timber yield to a wider variety of goods and
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ecosystem values demanded by society [2, 3]. Since the
“Earth Summit” in Rio de Janeiro in 1992, the concept of
Sustainable Development has been the guiding principle of
International Environment and Development Policy [4]. The
three-pillar model (economic, social, and environmental)—
as an anthropocentric approach to sustainability—became
known worldwide. It represents the consensus of various sci-
entific definitions of sustainability [4]. The United Nations
Conference on Sustainable Development (Rio+20), held in
Rio de Janeiro in 2012, defined 17 overarching goals that
go beyond the three dimensions of sustainable development.
Today’s Sustainable Development Goals (SDGs) add peace
and international cooperation to the list [5]. Often used inter-
changeably, the concept of sustainability and the concepts of
sustainable development are distinct [6].While sustainability
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is concerned with the long-term existence of an ecosys-
tem in use [7], sustainable development is concerned with
the societal process of achieving an equilibrium between
environmental, economic, and social aspects. Therefore, sus-
tainable development is an attempt to achieve sustainability
as a long-term goal [6]. At the Second Ministerial Confer-
ence on the Protection of Forests in Europe (MCPFE), held in
Helsinki in 1993, this trend towards sustainable forest man-
agement (SFM)was defined and adopted at the political level
[8]. The United Nations Forum on Forests (2007) defines
SFM “as a dynamic and evolving concept, aims to maintain
and enhance the economic, social and environmental values
of all types of forests, for the benefit of present and future
generations” [9]. An important outcome of the MCPFE was
the creation of six criteria that allow measuring the achieve-
ment of SFM goals in Europe [10]:

• Maintenance and appropriate enhancement of forest
resources and their contribution to global carbon cycles
(Criterion 1)

• Maintenance of forest ecosystem health and vitality (Cri-
terion 2)

• Maintenance and encouragement of productive functions
of forests (wood and non-wood) (Criterion 3)

• Maintenance, conservation, and appropriate enhance-
ment of biological diversity in forest ecosystems (Cri-
terion 4)

• Maintenance and appropriate enhancement of protective
functions in forest management (notably soil and water)
(Criterion 5)

• Maintenance of other socio-economic functions and con-
ditions (Criterion 6)

The use of criteria and indicators (C&I) arose from the
need to assess specific benefits and sustainability of forest
management systems [11, 12]. C&I belong to a hierarchi-
cal framework and represent the levels below the principles,
which are the result of a political process [12]. Criteria have
the function of compliance with defined principles [12] and
are used to assess their distinguishing characteristics [13].
The level below the criteria is represented by indicators. Their
function is two-fold: (i) to provide criteria with quantitative
or qualitative parameters [12] and (ii) to derive the state of
a particular criterion [14]. Timber harvesting is a substantial
part of the SFM and has multiple impacts on biodiversity
conservation, renewable energy production, climate change,
and carbon sequestration [15–18]. It also plays an important
role in the wood-supply chain, where wood material changes
location or appearance and is transformed into services and
products [2]. It includes the technical processes of felling,
delimbing, bucking, extraction, and debarking [19]. Forest

harvesting is one of the most sensitive activities compared to
other sectors [20]. For this reason, the social pillar examines
the impact of the working environment on the forest worker
[21–26]. The environmental pillar evaluates the high impact
on the environment, such as environmental impact [27–31],
biodiversity [32, 33], and soil impacts [34–38]. The economic
pillar is important for forests managed for the primary pur-
pose of wood production, as logging operations represent the
largest cost center [39]. Aspects such as performance [40–
44] and product quality [45, 46] have been studied in this
context. The concept of sustainable development is rather
easy to comprehend and widely accepted. The difficulties
normally arise when trying to operationalize the concept,
for example, by trying to measure the level of sustainabil-
ity [47]. Sustainability of a single pillar, such as sustainable
economic growth, might not lead to the desired results of bal-
ancing all three pillars. In fact, sustainability can only occur
when all three dimensions are in balance.However, theremay
be conflicting objectives between the dimensions. In these
cases, trade-offs must be made, which may lead to a weight-
ing of the dimensions [48]. In their paper, Blagojevic et al.
(2019) discuss how trade-offs between different criteria can
be managed in a structured way with respect to multi-criteria
decision analysis [49]. Little is known about a comprehen-
sive assessment of logging operations that consider all three
dimensions. As already used in the context of SFM, C&I can
have a major impact on assessing the sustainability of har-
vesting operations. Therefore, the objective of this article is
to compile and analyze the most used criteria and indicators
for each dimension of sustainability in logging operations
over the last 6 years (2017 to 2022). It is intended to provide
an overview of the criteria used in logging operations and
how they are weighted. It will also show the extent to which
they have been studied in relation to the machinery used and
in different regions of the world. We expect that this review
will allow us to assess which sustainability dimensions are
best addressed and which need further improvement. It will
identify trends and show where there is currently room for
improvement in assessing the sustainability of harvesting. In
addition, as part of the review process, we have created a
database that makes it possible to find specific studies that
address a particular criterion or indicator.

Methodology

A systematic literature review was conducted to provide an
overview of sustainability criteria in forest harvesting. The
literature database scopus (www.scopus.com) was used to
find suitable studies in the years 2017–2022. The search cri-
teria used are listed in Table 1. Scopus returned more than
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Table 1 Search criteria used in scopus

Level Search Criteria

1 “Timber harvesting” OR “timber harvest” OR

“wood harvesting” OR “wood harvest” OR

“forest harvesting” OR “forest harvest” OR

“residual stand” OR “timber logging” OR

“short rotation forestry” OR “tree harvesting”

OR

2 Forest AND (harvester OR forwarder OR

cable OR bulldozer OR tractor OR trailer

OR skidder OR excavator OR chainsaw OR

“chain-saw” OR “motor manual”
OR helicopter OR “feller buncher”)

OR

3 Wood AND (harvester OR forwarder OR

cable OR bulldozer OR tractor OR trailer OR

skidder OR excavator OR chainsaw OR

“chain-saw” OR “motor manual”
OR helicopter “feller buncher”)

3900 studies for the period considered (Fig. 1). The following
restrictions were used for study selection:

• The studies examined the impact of harvestingmachinery
on economic, social, or environmental aspects.

• The impacts had to be related to the logging technology
used.

• Articles and reports published in English language were
considered.

In addition to harvesting machines, other parameters that
helped analyze C&I such as slope class or silvicultural treat-
ments were extracted from the studies (Table 2). The slope
classification was developed from the classifications used
in the reviewed studies [50–53]. The selected studies were
assigned an ID and compiled in an Excel file with the respec-
tive parameters, i.e., one study represents one entry in the
data set. Descriptive analysis identified the most important
criteria (also called key criteria) across all studies by sum-
marizing studies that addressed the same criteria. Due to the
large number of criteria in the environmental dimension, we
decided to present the most important 70% of the criteria for
each parameter. This was done by calculating the share of
each environmental criterion of the environmental pillar and
sorted in descending order. Finally, the most frequently stud-
ied criteria were selected by accumulating the shares from
the top down to 70%. In the social and economic pillar, where
notmany criteriawere identified, the threemost studied crite-
ria were selected unless the following criterion had the same
number of studies as the third criterion.

Results

A total of 423 studies were identified for this review. One-
dimensional sustainabilitywas examined in 379 studies. Four
of the studies examined all three dimensions of sustainability,
whereas 40 studies considered two dimensions. Economic
and environmental pillars were examined together in 31 stud-
ies, while social and economic pillars were examined in
eleven studies. Environmental and social pillars were inves-
tigated in two studies.

The Relevance of Sustainability Criteria

The environmental pillar was the most frequently studied
(n =182),with 114 studies examining the impact ofmachines
on forest soils. The economic pillar was investigated in 141
studies, and the social pillar in 55 studies. According to the
three pillars of sustainability, 33 criteria with their respec-
tive indicators were identified from the studies (Table 3).
For the sake of clarity, we have grouped the criteria into
ten categories. For example, the category termed terrain was
comprised of soil rutting, soil disturbance, machine traffica-
bility, and water erosion. The environmental pillar contained
the most criteria (n = 22) and was defined by soil, bio-
diversity, and environmental aspects. The economic pillar
was defined by the two categories for quality and perfor-
mance. The social pillar included measures such as hazards
and ergonomic issues and was represented by the categories
exposure (e.g., vibration) and working environment. Mental
workloads, such as burnout, gaze fixation duration, repetitive
workload, and job satisfaction rate, were grouped together
under the working conditions criterion.

As shown in Table 3, the category performance had the
highest number of reported studies (n = 174), followed by
soil physics (n =112) and environmental impact (n =85). The
number of studies is not necessarily the sum of their criteria
since several studies examined multiple criteria. It is often
the case that a study examines several criteria at the same
time. The most studied criterion was productivity (n = 159),
followed by costs (n = 103), soil nutrients (n = 98), and
soil compaction (n = 97). It should be noted that the values
of the individual indicators were not relevant for this study.
However, they will be important for practical application.

HarvestingMachines and Their Common
Sustainability Criteria

Three machine types for felling and processing and seven
types for extraction were examined. In some studies, more
than one machine was examined at the same time. The most
commonly used machine type was the forwarder (n = 144),
which was closely followed by the skidder (n = 141). The
most researched felling and processing machine was the
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Fig. 1 Screening Process of
Literature Searching

harvester (n = 120), followed by the chainsaw (n = 114).
Animal/manual (n = 21), tractor (trailer) extraction (n = 24),
and helicopter logging (n = 3) were not evaluated further
due to their relatively low frequency. The environmental pil-
lar was most often studied in combination with the skidder
(n = 95), followed by the forwarder (n = 90) and the harvester
(n = 61) (Fig. 2). The economic pillar was studied most for
the harvester (n = 61), followed by the forwarder (n = 59) and
the chainsaw (n = 48). The social pillar had the highest num-
ber of studies for harvesting operations with the chainsaw
(n = 41), followed by skidder (n = 18), whereas the harvester
and the forwarder shared the same count of 16 studies each.
Comparing the share of pillars among variousmachine types,
the skidder had the highest share in the environmental pil-
lar followed by forwarder and tractor. The economic pillar
had the highest share with the cable yarder, followed by har-
vester and feller buncher. The social pillar had a clear peak
with chainsaw accounting for a third of the data collected.

Felling and Processing Machines

With a small lead over the chainsaw, the harvester was the
most studied felling and processingmachine. The harvester is
an articulated harvesting machine, designed to fell, delimb,
and buck trees into products [54]. The most common har-
vester is the wheeled harvester which is limited to operate
on slopes <40 %. Rugged terrain limits its range. Tracked
harvesters can work on slopes up to 55%, whereas winch-
assisted harvesters can be operated on slopes up to 80%
[55]. The harvester is mainly used in cut-to-length (CTL)
operations [55]. Compared to the chainsaw, the harvester
has higher productivity [56, 57], fewer work injuries and
ergonomic problems, and improved occupational safety [58].
However, harvester operation has shortcomings in terms of
environmental impact (emissions and soil compaction) [59].
The environmental pillar was the most studied (Fig. 2), of

123



354 Current Forestry Reports (2023) 9:350–369

Table 2 Key parameter of the studies

Parameter Subdivision

Felling &

processing Chainsaw, harvester, feller buncher

machine type

Extraction Forwarder, skidder, tractor (trailer)

machine type tractor (skidding/winching)

animal/manual, cable yarder

Geographical Africa, East & South-East Asia

region Europe, Latin America, Middle East

North America, Oceania, Russia

Slope class Flat (0–20%)

Moderate (21–40%)

Steep (41–60%)

Very steep (60%)

Silvicultural Thinning, clear-cut; selection cut

treatment Shelterwood-cut; salvage logging

Time span Short-term (1 year)

Medium (2–5 years)

Long-term (6–30 years)

Research Case study, experiment, interview

type Live cycle assessment (LCA),

Meta–analysis, review, theoretical

which soil nutrients had the highest share (9.9%1) followed
by soil compaction (9.6%), soil moisture content (6.8%),
and emissions (6.1%) (Table 4). However, the most studied
criterion was productivity (19.1%), which belonged to the
economic pillar, followed by costs (12.0%). The social pillar
was the least studied, of which working conditions was the
most studied criterion with a total share of 3.1%. The chain-
saw is a machine with a wide range of applications (felling,
delimbing, bucking). It is used on flat to very steep terrains.
Its application is not limited by soil conditions. Especially
in steep and rough terrain, there is little alternative to this
method of felling [55]. Compared to fully mechanized har-
vesting operations, the chainsawhas a lower productivity [56,
57] and causes a higher rate of tree damage, but on the other
hand produces less emissions and higher full-time equiva-
lents2 [59]. In combination with helicopter extraction, there
is hardly any soil compaction. In a systemwith a cable yarder,
soil disturbance is more likely in the form of loosening of the
top-soil as compared to soil compaction [59]. Most of the
studies were carried out on the economic and environmen-

1 The percentage refers to the sum of all criteria from the respective
machine.
2 This indicator is used to measure employment in a comparable way,
even if the number of hours worked per week differs.

tal pillars (Fig. 2), of which damage to stand had the highest
share across all machines and criteria (24.4%), followed by
soil nutrients (23.3%) and emissions (21.2%) (Table 4). In the
economic pillar, productivity was the most studied criterion
(18.1%). Physical workload (5.9%) followed by exposure to
vibration (5.1%) and hazards (4.6%) accounted for the largest
share of the social pillar compared to all harvestingmachines.
The feller buncher is a harvesting machine that is designed
to fell trees, collect more than one trunk (if size permits), and
place them on the ground [54].

The “drive-to-tree” feller buncher is a rubber-tiredmachine
and should be restricted to a maximum slope of 25%. On
tracked machines, the felling head is mounted on a swinging
boom. Combined with a self-leveling cab, they can operate
on slopes up to 50% [55]. Most of the criteria were examined
on the environmental pillar (Fig. 2), which is dominated by
soil nutrients and soil compaction (10.5% each) (Table 4).
The most studied criterion was productivity (16.1%). Expo-
sure to noise was the dominant criterion in the social pillar
with a total percentage of 2.8%. Productivity was the most
studied criterion (mean = 41 studies per machine) for all
three types of felling and processing machines, followed by
costs (mean = 28 studies). Hazards and physical workload
dominated the social pillar (mean = 7 studies per machine,
respectively). It is noteworthy that the order of the criteria
in the economic pillar was the same for the three felling and
processing machines: productivity was the most common,
followed by costs and energy consumption. The criteria of
fiber loss and stem breakage were seldomly reported.

Extraction Machines

Forwarders are articulated extraction machines with usually
six or eight wheels. They are designed to transport processed
logs by carrying them on a log bunk [54, 55]. The operat-
ing characteristics in relation to the slope are the same as
harvester. The forwarder is generally used in combination
with harvesters, which are capable of producing CTL assort-
ments [55]. The forwarder was the most studied extraction
machine (n = 144). The environmental dimension was stud-
iedmore frequently as compared to the economical and social
dimension (Fig. 2). The highest overall percentage was pro-
ductivity (13.7%), followed by soil compaction (12.1%) and
costs (10.5%) (Table 5). The dominant criterion in the social
pillar was exposure to vibration (1.8%).

The skidder is an extraction machine that drags the felled
trees by cable, grapple, or both to the side of the road or to a
landing [54, 55]. They can be wheeled or tracked when large
loads need to be hauled up steep slopes. Depending on the
direction of skidding (preferably downhill), these machines
can typically operate on slopes of up to 45% (wheeled)
or 50% (tracked) [55]. The skidder was researched in 141
studies. Compared to the other harvestingmachines, the envi-
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Table 3 C&I for sustainability assessment in logging operations

Pillar Category Study count Criterion Study Indicator

Economy Performance 174 Productivity 159 [m3 h−1]
Costs 103 [value m−3] [value h−1]
Fuel/Energy consumption 42 [l m−3] [kWh m−3]

Quality 9 Stem breakage 6 [n]
Fiber loss 3 [value m−3]

Social Working-environment 50 Physical workload 24 [MSD; RSI ]9 [◦C]10 [kcal h−1]
Work conditions 21 [FT E 1000m−3]11 [ms]12
Hazards 14 [accidents mil.m−3]

Exposure 35 Vibration 25 [ms−2]
Noise 16 [dB(A)] [dB(C)]
Dust 4 [mg m−3]

Environmental Soil physics 112 Soil compaction 97 [g cm−3]1 [kPa]2
Soil moisture content 68 [%]
Soil porosity 48 [%]
Soil conductivity, hydraulic 12 [cm d−1]
Soil temperature 8 [◦C]
Soil conductivity, electrical 4 [dS m−1]

Environmental impact 85 Damage to stand 46 [%]3
Emissions 41 [LC A impact categories]

Terrain 68 Soil rutting 38 [cm]
Soil disturbance 18 [%] [Disturbance classes]
Machine trafficability 14 [kPa]4
Water erosion 12 [kg(Sediment) m−2] [mm(Runof f )]
Soil cover (humus, litter) 10 [cm]

Soil chemistry 59 Soil nutrients5 98 [%] [mg/kg]
Soil pH 27

Soil respiration 9 [g m−2h−1]
Cation exchange capacity 5 [meq 100g−1

(Soil)]
Site quality 25 Biomass regeneration 15 [Seedlings m−2] [SQI ]6

Soil microbial biomass 11 [n dm−2] [n 1g−1
(Soil)]

Root regeneration 10 [g m−2] [SQI ]
Biodiversity 16 Flora, Fauna biodiversity 12 [Diversi t y indices]7

Soil biodiversity 7 [QBS − ar Index]8
[1] Bulk density; [2] penetration resistance; [3] share of damaged trees and wound healing rate; [4] shear resistance; [5] C/N ratio, soil organic matter,
total C/N, and nutrients content; [6] seedling quality index; [7] Shannon index, evenness index, Ellenberg index, and Simpson index; [8] soil biological
quality index; [9] musculoskeletal disorders and repetitive strain injuries; [10] thermal overload (Wet-Bulb Globe Temperature Index); [11] full-time
equivalent; [12] eyeball fixation duration

ronmental pillar had the largest share for the skidder (Fig. 2).
Dominant criteria on all pillarswere soil compaction (12.0%)
followed by soil nutrients (10.8%) (Table 5). In the economic
pillar, productivity was the most studied criterion (8.5%).
However, the skidder was the only extraction machine where
productivity was not the most studied criterion. Work con-
ditions had the highest share of the social criteria (1.5%).

The dominant criterion in the social pillar was exposure to
vibration (2.0%). Tractors are often used for small-scale har-
vesting operations. They can be either equipped with a winch
or a grapple and used as skidders. Downhill extraction with
a tractor is possible on slopes up to about 25% [60]. They
can also be equipped with an attached cable winch to extract
wood [61]. The environmental pillar was the most studied
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Fig. 2 Number of studies and percentage of pillars per machine type

followed by the economic pillar (Fig. 2). The criterion with
the highest overall percentage was productivity (17.0%) fol-
lowed by costs (10.2%) (Table 5). Soil compaction (9.5%)
and soil nutrients (7.5%) had the highest share in the environ-
mental pillar. Physical workload and hazards dominated the
social pillar. Cable yarding is described as the transportation
of hanging or partially hanging trees bymeans of a cable sys-
tem [54]. The basic components of a cable yarding system are
the yarder, the carriage, and the operating crew [55]. Cable
yarders are used on steep slopes where ground-based timber

extraction does not allow for safe or environmentally sound
operations. Inadequate ground conditions for skidding or for-
warding are another typical reason for using a cable yarder
[55]. The cable yarder is the only logging machine where
economy is highest in all three dimensions (Fig. 2). The pro-
ductivity of the cable yarder had the highest share (21.7%),
followed by costs (18.5%) (Table 5). The environmental pil-
lar was dominated by soil nutrients (8.7%) and emissions
(7.8%). Hazards were the most researched criterion in the
social pillar (2.6%). As with felling and processing machin-
ery, productivity was themost studied criterion for four types
of extraction machinery examined (average = 34 studies per
criterion), followed by soil compaction (average = 28). The
social pillar was examined with an average of at least three
studies per criterion. In the social pillar, physical workload
and hazards dominated with an average of four studies each.
In the economic pillar, the order of the criteria was the same
for each extractionmachine: productivity with themost stud-
ies, followed by costs and energy consumption.

Geographical Regions

Based on the results, studies were conducted in Africa,
East and South-East Asia, Europe, Latin America, the Mid-
dle East, NorthAmerica, Oceania, andRussia (Fig. 3). Africa
(n = 5 studies, 1.2%) is represented by South Africa and
Ghana. Most of the machines used in Africa were chain-
saws and forwarders (Fig. 4). Productivity was studied with
27.3%, followed by stand damage with 18.2% (Table 6). For
East and South-East Asia, 36 studies (8.5%) investigated the
impact of harvesting machinery. Among others, 15 studies

Table 4 Harvesting machines
(HV harvester, CS chainsaw, FB
feller buncher) and their
sustainability criteria

Pillar Criteria HV (%) CS (%) FB (%)

Economy Productivity 19.10 18.10 16.10

Costs 12.00 12.20 14.00

Energy consumption 5.80 6.80 2.80

Social Work conditions 3.10 3.80 1.40

Physical workload 1.70 5.90 1.40

Exposure to vibration 1.70 5.10 0.70

Hazards 0.30 4.60 1.40

Exposure to noise 1.00 3.00 2.80

Environmental Soil nutrients 9.90 23.30 10.50

Soil compaction 9.60 1.10 10.50

Soil moisture content 6.80 3.30 7.70

Emissions 6.10 21.20 3.50

Damage to stand 5.50 24.40 4.20

Soil pH 1.00 0.80 4.20

Soil porosity 2.40 0.00 3.50

[1] The percentage refers to the sum of all criteria from the respective machine
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Table 5 Extraction machines
(FW forwarder, SK skidder, Ts
tractor (skidder), CY cable
yarder) and their sustainability
criteria

Pillar Criteria FW (%) SK (%) Ts (%) CY (%)

Economy Productivity 13.70 8.30 17.00 21.70

Costs 10.50 7.00 10.20 18.30

Energy consumption 4.50 2.00 5.40 7.80

Social Work conditions 1.60 1.50 1.40 1.70

Physical workload 1.10 1.30 3.40 1.70

Exposure to noise 1.10 1.30 1.40 0.90

Exposure to vibration 1.80 0.80 1.40 0.00

Hazards 0.70 1.30 2.00 2.60

Environmental Soil compaction 12.10 12.00 9.50 2.60

Soil nutrients 9.20 10.80 7.50 8.70

Soil moisture content 9.20 8.30 6.10 4.40

Emissions 4.50 4.00 6.80 7.80

Damage to stand 5.00 4.30 7.50 0.90

Soil rutting 6.80 2.30 4.10 0.90

Soil porosity 4.20 7.30 2.00 0.00

Soil pH 1.10 5.30 1.40 1.70

Flora and Fauna 0.50 1.00 2.00 2.60

Biomass regeneration 0.50 2.30 2.00 2.60

Soil microb. biomass 0.50 2.00 0.70 2.60

were conducted in Indonesia and six in South Korea. The
chainsaw was the most studied machine (n = 19), followed
by the skidder (n = 10) and the tractor (n = 9) (Fig. 4). In
East and South-East Asia, the environmental criteria were
the most commonly assessed at 45.2%. The largest devia-
tion from the global trend was in the environmental impact
category, which was characterized by stand damage (9.7%)
(Table 6). Harvesting costs was also weighted more heavily
at 15.1%. Soil compaction, on the other hand, received less
attention (5.4%). The social dimension accounted for 11.9%.
Exposure was not considered in these studies. However,

working conditions (4.3%) and hazards (3.2%) were above
the global trend. Half of the countries considered (n = 44)
belong to the European region, where 193 (46%) studies
were conducted. Representation of the main EU countries,
39 studies were conducted in Italy, followed by Poland
(n = 24) and Germany (n = 17). In most studies, a for-
warder was used (n = 80 studies), followed by a harvester
(n = 65) and a chainsaw (n = 53) (Fig. 4). The percentage
distribution of the examined criteria in Europe was rela-
tively similar to that of the global distribution (Table 6).
The most noticeable differences were linked with energy

Fig. 3 Relevance of global regions (number of studies per region) modified according to the regions sectioning of the World Bank and the SDG
framework of the United Nations
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Fig. 4 Geographical regions
(AF Africa, ESA East and
South-East Asia, EU Europe,
LA Latin America, ME Middle
East, NA North America, OC
Oceania, RU Russia) and their
most common machine types
(HV harvester, CS chainsaw, FB
feller buncher, FW forwarder,
SK skidder, Ts tractor (skidder),
CY cable yarder, AM
animal/manual, Tt tractor
(trailer), HC helicopter)

consumption and soil biodiversity, where the percentages
were higher in Europe. Europe was also more likely than
the rest of the world to examine the social pillar criteria.
However, the share of the physical workload was lower.
European studies showed significantly lower percentages for
water erosion, cation exchange capacity, and hydraulic soil
conductivity. The Latin American studies (n = 75 studies,
18%) were mainly conducted in Brazil (n = 68). Harvester
and skidder were the most studied machines (30 studies
each), followed by forwarder with 27 studies (Fig. 4). The
environmental pillar was the most studied for Latin Amer-
ica (44%), which is similar to the global share. However, it
had the highest share of emissions of all regions (5.3%). In
turn, the other environmental criteria were less strongly rep-
resented. The economic criteria, other than costs and stem
breakage, were below the global share. Within the social pil-
lar, physical workload, exposure to vibration, and noise were
strongly represented. Middle East (n = 53 studies, 13 %) is
represented by Iran (n = 39) and Turkey (n = 14). Thirty-
seven of the 67 machines surveyed were skidders, followed
by twelve chainsaws and nine tractors (skidding/winching)
(Fig. 4).

The environmental dimension accounted for 65% of the
criteria studied—with 49% related to soil physical and chem-
ical properties. Compared to Europe or North America,
the Middle East had higher percentages for soil com-
paction, soil moisture, soil porosity, water erosion, soil pH,
soil cover (humus, litter), and root regeneration (Table 6).

Performance and social criteria received comparatively lit-
tle or no attention. North American studies (n = 45 studies,
11%) were mainly conducted in the USA (n = 35) and ten in
Canada. Priority was given to the skidder (n = 26), followed
by the feller buncher (n = 23) and the forwarder (n = 18)
(Fig. 4). The representation of sustainability pillars was high-
est for environmental (54%), followed by economic (40%),
with only three studies considering social aspects. More than
one-third of the studies conducted in North America (37%)
included soil physics and chemistry in the environmental
pillar, which is higher than the global share (28%). In the
economic pillar, 90% of the studies were focused on produc-
tivity, which is again roughly in line with the global average
of 88%. Eight studies (2%)were conducted inOceania, seven
of which were conducted in Australia. The most commonly
studied machines were the harvester, forwarder, and skidder
(n = 4 each). The studies considered performance aspects
such as productivity (33.3%) and costs (27.8%). Results were
well above the global average. It is worth noting that the
wood quality criteria were examined at 5.6% each. This is
higher than the global comparison. Very few environmen-
tal and social criteria were examined. Russia contributed to
3% of the total reported studies (n = 11). Ground-based har-
vesting equipment such as forwarders, skidders, tractors, and
harvesters were prioritized (Fig. 4). Nearly a quarter of the
studies focused on the trafficability of the machine (22.7%).
Soil compaction ranked second with 18.2%, followed by soil
rutting (13.6%) and productivity (9.1%).
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Slope Class

The number of studies decreasedwith increasing slopewhere
53%of the studieswere conducted on flat terrain and only 6%
on very steep terrain. In all slope classes, productivity was
the most studied criterion, ranging from 14% in flat terrain to
32% in very steep terrain (Table 7). In steep and very steep
terrain, costs was the second most studied criterion (18.2,
20%). Energy consumption was also evaluated on all slopes,
with the highest total percentage in very steep terrain (10%).
In the environmental pillar, soil nutrients and soil compaction
were studied most frequently, except on very steep terrain,
where emissions had the highest share (6%). Soil compaction
was studied most often on flat and moderate slopes, while it
was second in the steeper slope classes. The percentage share
decreased with an increasing slope (very steep = 4%). In the
social pillar on steep and very steep terrain, the hazards crite-
rion was predominant (1.4, 4%). In flat and moderate terrain,
exposure to vibration and noise and physical workload were
considered in the range of 1.0%.

Silvicultural Treatment

Five different silvicultural treatments were used in the stud-
ies: clear-cutting (Cc), thinning (Th), selection cutting (Sc),
shelterwood cutting, and salvage logging. Clear-cut was the
most studied harvesting system (n = 98 studies) followed by
thinning (n = 90), and 56 group or individual selection cuts

were made in uneven-aged stands. The silvicultural treat-
ments of shelterwood cutting and salvage logging were not
further considered due to their low representation. Most of
the environmental criteria were investigated in clear-cutting
(Table 8), of which soil nutrients had the highest share
(10.7%). Soil compaction was the most studied criterion in
selective cuttings (12.8%), while stand damage was most
studied in thinnings (11.8%). Productivity and costs were
significantly higher for thinning (22.2, 16.5%) compared to
clear-cutting or selection cutting. Working conditions was
investigated in all harvesting treatments, but proportionally
most often in thinnings (2.4%).

Time Spans

Most studies analyzed the immediate effects of logging,
within a period of less than 1 year (n = 384, 88%). The fewest
were medium-term studies (n = 33), looking at a period of
time from 2 to 5 years. Long-term studies had a share of
8% (n = 33) and a time period of 6–30 years. Economic
criteria such as productivity and costs weremore often exam-
ined in studies with a short time period (S) (Table 9). Most
social criteria were examined in short-term studies: the high-
est proportion had exposure to vibration (2.8%), followed
by physical workload (2.7%). Medium-term (M) and long-
term (L) studies mainly investigated environmental criteria
concerning soil aspects (M, L), root regeneration (L), and
biodiversity aspects (M).

Table 7 Key criteria per slope
class (flat, moderate, steep, and
very steep)

Pillar Criteria Flat (%) Mod. (%) Steep (%) v.St. (%)

Economy Productivity 14.90 14.30 22.30 32.00

Costs 9.50 9.60 18.20 20.00

Energy consumption 3.80 2.90 4.00 10.00

Social Exposure to vibration 1.60 1.10 0.70 0.00

Physical workload 1.20 1.50 0.70 2.00

Exposure to noise 1.40 0.80 0.00 0.00

Hazards 0.40 0.80 1.40 4.00

Work conditions 0.90 0.40 1.40 0.00

Environmental Soil compaction 11.40 11.80 6.10 4.00

Soil nutrients 9.00 11.00 8.10 4.00

Soil moisture content 9.20 7.40 3.40 4.00

Soil porosity 6.10 7.00 2.70 0.00

Damage to stand 4.70 5.90 6.10 4.00

Soil rutting 4.00 3.70 2.00 2.00

Emissions 2.60 2.90 5.40 6.00

Soil pH 2.60 3.30 2.70 0.00

Biomass regeneration 1.40 1.80 2.70 0.00
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Table 8 Key criteria per
silvicultural treatment (Cc
clear-cut, Th thinning, Sc
selection cut)

Pillar Criteria Cc (%) Th (%) Sc (%)

Economy Productivity 18.40 22.20 8.50

Costs 10.30 16.50 4.90

Energy consumption 6.60 4.70 1.80

Social Work conditions 1.50 2.40 1.20

Exposure to noise 1.50 0.00 0.00

Physical workload 1.10 0.90 1.20

Hazards 0.40 1.90 0.60

Exposure to vibration 0.40 1.40 0.00

Environmental Soil nutrients 10.70 9.90 11.00

Soil moisture content 8.10 4.30 7.30

Soil compaction 6.60 6.10 12.80

Soil rutting 3.70 3.80 2.40

Soil porosity 3.70 0.50 10.40

Emissions 3.30 3.80 3.70

Soil pH 3.30 0.50 5.50

Damage to stand 0.70 11.80 8.50

Table 9 Key criteria in different
time spans (S short, M medium,
L large)

Pillar Criteria S (%) M (%) L (%)

Economy Productivity 17.80 0.00 1.70

Costs 11.50 0.00 0.90

Energy Consumption 4.80 0.00 0.00

Fiber loss 0.00 1.40 0.90

Social Exposure to vibration 2.80 0.00 0.00

Physical workload 2.70 0.00 0.00

Work conditions 2.40 0.00 0.00

Hazard 1.10 1.40 2.60

Environmental Soil nutrients 9.10 11.00 12.20

Soil compaction 8.80 9.60 13.00

Soil moisture content 6.00 12.70 9.60

Damage to stand 4.90 4.10 1.70

Emissions 4.50 4.10 3.50

Soil porosity 3.90 9.60 8.70

Soil rutting 3.90 4.10 2.60

Flora Fauna 0.70 6.90 3.50

Soil pH 1.80 5.50 8.70

Water erosion 1.00 4.10 0.90

Soil microbial biomass 0.50 4.10 6.10

Soil respiration 0.50 4.10 1.70

Root regeneration 0.20 1.40 6.10
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Research Types

Of the 423 included studies, 346 (82%) were case studies
in which harvesting was observed in the field. Theoreti-
cal studies (6%) involved mathematical modeling without
direct use of harvesting machinery. LCA studies (4%) exam-
ined the environmental impact of a harvesting system or an
entire wood chain. Some experimental studies (3%) investi-
gated harvesting processes under laboratory conditions, e.g.,
in workshops. Literature reviews (2%) and meta-analyses
(<1%) were also included. Interviews (<1%) dealt exclu-
sively with ergonomic and occupational safety issues. In the
case studies, productivity was the most studied criterion with
a total share of 15.4%. The dominant criteria in the environ-
mental pillar were soil compaction (10.7%) and soil nutrients
(9.6%). Physical workload and exposure to vibration (2.40%
each) were the most studied criteria in the social pillar. In the
theoretical studies, productivity and hazards were the most
frequently investigated with 16.3%, while machine traffica-
bilitywas the secondmost frequently investigatedwith a total
of 14%. Physical workload and working conditions had the
highest share (4.7% each) in the social pillar.

Discussion

This paper provides an overview of the criteria used to
assess the sustainability of logging operations. The crite-
ria of the social pillar have been less studied than those of
the environmental and economic pillars. A more complex
understanding of social sustainabilitymaybe one reason. The
social sustainability aspects of forest operations may also be
less emphasized by the wood industry. There may also be a
lack of knowledge about social sustainability issues among
those involved in logging operations. Social criteria were
most often examined for the chainsaw. This may be due to
the fact that the motor-manual work is more dangerous and
causes more accidents and more exposure to various haz-
ards [62]. Mechanized systems tend to have lower accident
rates, cause less damage to the remaining stand, and result
in higher efficiency than semi or non-mechanized systems
[63]. Approximately 70% of the world’s annual roundwood
is harvested using fully mechanized harvesting systems [64,
65]. This proportion is expected to increase. Its potential,
particularly in developing regions such as Latin America,
South-East Asia, and the Middle East, has yet to be reached.
Newer technologies such as bogie tracks and tractionwinches
allow expanding operations on steeper slopes [66]. This may
explain why skidders, forwarders, and harvesters were the
most commonly studied machines to test technological inno-
vations. However, the proportion of studies investigating
fully mechanized systems (harvester, feller buncher, for-
warder) is lower (40%). Thirty-eight percent of all studies

focused on the productivity of harvesting machines. On the
one hand, productivity is linked to the environmental and
social pillars, as it relates to the level of greenhouse gas emis-
sions, energy consumption, and the employment rate [67,
68]. For example, less damage to the residual stand could
be achieved by working more carefully at lower produc-
tivity. However, productivity is mainly used as a criterion
of financial interest, as it is most often studied in combina-
tion with costs. Motor-manual harvesting systems have the
lowest efficiency [63], which may explain why productivity
is most studied in systems where the chainsaw is used for
felling and processing. The studies that addressed the emis-
sions criterion were mainly related to harvesting systems
using a chainsaw and skidder or tractor. This may explain
the relatively high number of studies dealing with chainsaw
emissions. The cable yarder had the highest relative share
of productivity. However, the economic criteria could have
been studied even more often than the environmental crite-
ria, as the cable yarder has little impact on the soil criteria.
The skidder is the only extraction machine where produc-
tivity has not been studied the most. This is because the
skidder has the highest proportion of research in the Mid-
dle East, where its impact on the soil has been a prioritized.
Looking at the distribution of criteria across slope classes,
soil criteria are more relevant in trafficable areas due to the
machine–soil interaction as compared to steep areas where
cable yarders are used. Few studies have been carried out in
very steep terrain (6%). However, they have mainly focused
on efficiency and economic criteria. This can be explained
by the challenging accessibility of difficult terrain. Harvest-
ing systems with manual and demanding tasks are mainly
used in steep to very steep terrain, where hazards and phys-
ical workload become the main concerns. In this context,
a higher proportion of studies in the working environment
category would be expected compared to studies describing
machine–soil interaction. Thinning is themost expensive and
challenging treatment in terms of impact on residual trees.
This may explain the higher scores for productivity, cost,
and stand damage. Because stand density is very high and
stem diameters are small, thinning must be done very care-
fully to minimize damage to the remaining trees. This results
in lower productivity as compared to clear cut operations.
It is important to carefully balance the benefits and costs
of thinning to ensure that it is done in a sustainable and
economically viable manner. The use of costly fully mecha-
nized harvesting systems should be proven [69]. We assume
that more heavy machinery was used for clear-cutting and
selection cutting, and therefore, more emphasis was placed
on soil criteria. Although not considered in this review, sal-
vage logging may become more important in the coming
years, especially in the EU, due to the high proportion of cli-
mate change-related forest disturbances. Productivity, cost,
energy consumption, soil compaction, and stand damage are
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the criteria where the effects can be observed immediately
and are therefore conducted in short-term studies. The social
criteria, exposure to vibration, and physical workload can
only bemeasuredwhen themachine is running to analyze the
effects of machine–worker interaction. For the soil criteria,
there are some studies that analyze the effects immediately
after harvesting, but more importantly, how long it takes for
the soil to recover. The same is true, to a lesser extent, for the
soil microbial biomass and root regeneration.

How Sustainable Timber and Fuelwood Harvesting
Differs by Geographic Region

Technology adaptation to locally diverse and complex con-
ditions and timber and fuelwood harvesting practices varies
widely around the world. In this way, technological innova-
tions are also created in response to a wide range of different
requirements [70]. The situation in East and South-East Asia
with respect to sustainable forest management is diverse and
complex [71, 72]. Japan and South Korea have longstanding
efforts to promote sustainable forest management [73, 74],
while Indonesia andMalaysia have a history of unsustainable
logging practices that have led to widespread deforesta-
tion and degradation of forest ecosystems [75, 76]. Despite
regulations and policies related to forest management and
certification schemes, sustainability in forest management
remains a challenge [77, 78]. The framework commonly used
in this region is called reduced-impact logging (RIL) and is
considered a step towards sustainable forest management.
RIL is a harvesting technique (selection cutting) that aims to
minimize the negative impact of logging operations on the
forest environment [79], while still meeting the economic
needs of the forest industry [80]. However, implementation
varies from country to country. For example, Indonesia and
Malaysia have adopted RIL extensively by integrating it into
government policies and regulations [81]. The most com-
mon method used in the region is the tree-length (TL) or
whole-tree (WT)method,where trees are felled (TL andWT)
and processed (only TL) with chainsaws and extracted using
various systems. The relatively high share of tractors and
especially skidders can be explained by the fact that many
countries are currently experiencing labor shortages, leading
to greater reliance on mechanization [82]. In countries with
high labor costs (e.g., Japan), fully mechanized CTL sys-
tems are commonly used [83]. The implementation of RIL
could be a reason for the high proportion of the environmental
dimension studied. In addition, this region has unique char-
acteristics. The high rainfall and humid conditions can lead to
soil sensitivity and environmental stress. Looking at the sit-
uation in Europe, mechanized harvesting systems have been
the norm for several decades, especially in Northern Europe
(Sweden, Finland, Norway) [84]. In some Eastern European
countries, particularly those with the most affluent popula-

tions, an increase of the CTL method can be observed [85].
This may explain the higher number of studies investigating
the harvester and forwarder. Combined with the predomi-
nant use of the chainsaw in small-scale forestry and the use
of the chainsaws in steep terrain, e.g., in the Alpine region,
a high proportion of studies dealing with chainsaws can be
explained. Europe has the highest share in the global num-
ber of studies. This explains why the percentage deviations
from the global distribution of criteria are small. The forestry
sector in Latin America is well represented by extensive
plantations (Pinus spp. and Eucalyptus spp.). As in East and
South-EastAsia, RIL is used in natural tropical forests,where
chainsaws are most commonly used to fell and process trees.
Extraction is usually done with skidders. Until recently, the
skidders used in RIL operations in Brazil, Peru, and Bolivia
were showing their age. This could explain the higher share
of the fuel and energy consumption criterion. In 2021, 45%
of Brazil’s wood came from CTL operations [65], which is
roughly in line with the study count for Latin American CTL
systems in this review (39%). However, changes in average
stand age and an increase in harvesting on steeper slopes
could result in changes in the percentage distribution of har-
vesting systems. Due to pressure on land-use for agriculture
and livestock, there is currently a trend in Latin America
to move forest plantations to hillside locations. In addition,
smaller logs are being used to reduce the rotation time of for-
est plantations. At the same time, new technologies are being
used to produce wood products such as glued laminated tim-
ber and cross laminated timber. The differences observed in
the environmental and economic pillars may be related to
the high number of harvesting operations in forest planta-
tions (68%). This requires information on their economic
efficiency [86, 87] as well as their impact on the soil (soil
compaction) in order to adapt silvicultural treatments against
soil compaction (soil conditioning) [88, 89] for future forest
conversions or forest stand reforms. The aspects of the social
pillar are related to the strict certifications and labor laws
that require compliance with health and safety regulations.
In the Hyrcanian forests of Iran and Turkey (Middle East),
the combinationof large tree diameters, steep terrain, uneven-
aged stands, and lack of initial investment to purchase fully
mechanized harvesting systemshas resulted inmotor-manual
tree felling being the only common system. Extraction is
done with wheeled and tracked skidders, which cause the
most environmental problems—namely soil compaction and
degradation of forest soils, surface runoff, soil erosion, and
the risk of flooding. In recent years, mechanized harvesters
with advanced CTL technologies have been used only by
a few private forestry companies [90]. Cable yarding tech-
niques are not yet present in the Hyrcanian forest area, but
to some extent in the mountainous regions of Turkey. Until
2010, the focus in the Middle East was on economic aspects
such as productivity and costs. Subsequently, according to
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the sixth “Five-Year Development Plan” (FYDP), the contri-
bution of environmental criteria to the evaluation of forestry
activities should be expanded. However, attention to envi-
ronmental criteria in logging operations, especially in Iran,
has not resulted in minimizing environmental impacts. This
is due to land-use changes, forest grazing, pest and disease
invasions likely triggered by climate change, and increasing
public concern [91]. The result has been a ban on tim-
ber harvesting in the Hyrcanian forests of northern Iran.
Only windthrown areas and damaged trees are allowed to
be harvested [91]. Hydrological problems caused by log-
ging operations have received little attention in watershed
studies because the water resources in the rivers are not very
large compared to other regions.However, in recent years, the
study of runoff andwater erosion at plot andwatershed levels
has been developed [92–94].A positive trend is an increase of
studies on work conditions and physical workload [95–98].
Despite being only represented by two countries (Canada
and the USA), North America offers broad topographic and
climatic conditions that, in addition to entrepreneurial tradi-
tions and market demands, contribute to the use of multiple
harvesting systems. Even within relatively short distances
(≤ 150km), considerable differences in harvesting systems
can be detected within federal boundaries. This is particu-
larly the case for eastern Canada, where about 70% of the
wood harvested in the province of QuÃ©bec is with har-
vesters and forwarders as compared to only about 25% in
the adjacent State of Maine. The main harvesting system
used in Oceania is the harvester/forwarder (CTL). In New
Zealand, manual felling is still used, particularly in steep
terrain, with cable or cable-assisted machines. In Australia,
manual felling and processing have been limited due to con-
cerns about workplace accidents. In some areas, such as the
Green Triangle (South Australia) and Tasmania, the indus-
try is concerned about the amount of residue left on sites
after harvesting. Where the soil is rich, whole tree harvesting
is more commonly used than CTL due to lower operating
costs. Its roadside residues are then recovered for bioenergy
purposes [99]. This may explain the skidder operations. Eco-
nomic criteria such as productivity, cost, and value recovery
are highly desired by foresters and logging contractors,which
is themain reasonwhy these criteria are receivingmore atten-
tion in decision-making.

Study Limitations

Harvesting systems are usually a combination of different
felling, processing, and extraction machines. When a crite-
rion was studied for a specific machine, it was automatically
applied to all machines used in the harvesting operation.
For example, if a chainsaw was used in combination with
a skidder, the impact on the ground was studied only for the
skidder, but for our analysis, the criterion was also applied

to the chainsaw. This approach was taken because it was
not always easy to link a particular impact to a respective
machine. To maintain consistency, the criteria studied in a
publication were assigned to all the machines studied in that
publication.As a result, the number of studies that address the
actual environmental impact of chainsaws is slightly less than
the 90 studies assigned. Criteria may vary by region because
specific working groups may have chosen to focus on cer-
tain criteria. This is particularly the case in regions where
only a small number of research institutions are involved in
forest technology research. For example, in the Middle East,
working groups have focused on soil criteria (51% of the
studies) [92–94]. In Russia, a working group focused on the
topic of machine trafficability (46% of the studies) [100–
102]. The decision as to whether a study falls within the
scope of the research question depends, among other things,
on the individual judgment of the people involved. There-
fore, it was very important that all researchers involved in
data collection were instructed to use the samemethodology.
This was ensured by cross-checking the identified papers by
all involved. As mentioned in the methods section, one of the
criteria for selecting studies for this review was that they had
to be published in English. This may have reduced the num-
ber of studies from Asia, Europe, Latin America, the Middle
East, and Russia. Due to the choice of a medium-term review
period, the results may differ from a long-term trend.

Conclusion

Sustainability is achieved when all three dimensions are
balanced. Our study highlights the need for a holistic and
interdisciplinary approach to assessing the sustainability of
timber and fuelwood harvesting practices. In this review,
we compiled criteria and indicators used in recent litera-
ture that address the economic, social, and environmental
impacts of logging operations. We found 33 criteria in the
literature that quantify these impacts. Our results show an
imbalance where economic and environmental aspects are
weighted more heavily than social aspects, at least when
considering the frequency of published material. Trade-offs
have to be accepted when trying to balance all three dimen-
sions. This review provides a comprehensive summary of
the criteria examined within a 6-year period. Building on
the findings of this paper, the criteria that have the greatest
impact on sustainability issues need to be identified to ensure
effective evaluation of a harvesting systemwith the least neg-
ative impact. Coordination of the parameters studied will be
of great importance: which machines to use in which slope
class and in which silvicultural method. Establishing thresh-
olds for individual indicators to classify and label criteriawill
be one of the most important priorities in conducting sus-
tainability assessments of timber and fuelwood harvesting
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practices. For example, the effects of different harvesting
and tillage practices on soil organic carbon dynamics (CO2,
CH4, and δ13C–CO2 fluxes–soil respiration) were not often
studied during the last 6 years. This criterion may become
increasingly important as climate change progresses. Setting
a threshold of 80mgm-2 h-1 (efflux) would limit the negative
impact on climate change caused by harvesting operations.
The results could be of use in planning future researches and
practices in various regions of the globe to assess the sus-
tainability of forest operations. Care needs to be taken that
preferences made by local communities, industries, and gov-
ernments may vary highly among different regions which
may result in different levels of sustainability in forest har-
vesting operations.
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