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Empirical Insights into Salvage Wood 

Logistics
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Abstract

Climate crises and natural disasters increasingly challenge wood supply chains by the critical 
need to transport high volumes of salvage wood quickly out of the forests to limit wood value 
loss and to prevent inducing forest calamities. Salvage wood logistics covering unimodal, 
multimodal and multi-echelon unimodal transport as well as storage plays an essential role 
in tackling existing problems and future risks by linking diverse actors along wood supply 
chains. Since little is known about specific challenges in salvage wood logistics, an extensive 
empirical study was conducted to evaluate logistics concepts and coping strategies involving 
stakeholders representing the entire wood value chain in Austria. The knowledge and experi-
ence of 161 forest owners, transport operators and wood-based industry actors were surveyed 
based on questionnaires with 108 matrix, rating, Likert scale and open questions. Results show 
a significant loss in salvage wood transport capacity due to long waiting times at receiving 
mills leading to more than one-fourth lost transport capacity in the unimodal salvage wood 
supply chain. Sustainable and resilient wood supply chain management can be achieved by 
increasing train and semitrailer truck wood transport as well as wood storage capacity and 
by improving both working conditions for self-loading log-truck drivers and cooperation be-
tween stakeholders.

Keywords: resilient wood supply chain management, wood transport, wood storage, insect 
and fungal infestations, wind storms, risk management, contingency planning, coping strat-
egies, empirical online survey

1. Introduction
Sustainable, green and resilient wood value chains 

play a crucial role in providing green jobs (FAO 2020) 
and achieving the sustainable development goals 
(FAO 2018) to limit climate change (FAO 2022). The 
importance of forests and wood value chains can be 
appreciated when considering that 31% of the total 
land area is covered with forests globally (FAO 2020). 
Within the European Union, the forest cover is higher 
with 45% (Eurostat 2020) and even higher in Austria 
with 48% (AFRW 2023).

Forest ecosystems suffer heavily under the climate 
crises and increasingly frequent natural disasters, 
which lead to high amounts of salvage wood, together 
with outdated forest management practices and a criti-
cal age structure of the forests. This in turn pushes pre-
viously applied decision-making tools as well as trans-
port and storage planning instruments of the wood 
supply chain to their limits. Salvage wood arises due to 
abiotic (e.g., storms, fire, drought, snow/ice break, hail, 

frost) or biotic (mainly insect and fungal infestations) 
factors. Environmental influences, such as climate 
change, lead to an increasing number of abiotic forest 
calamities, such as storms, frequently followed by bi-
otic damages through bark beetle infestations leading 
to wood value loss (Kogler and Rauch 2023).

For example, in 2019 there were high salvage wood 
amounts in Central Europe, such as 91% of the entire 
wood harvest in the Czech Republic, 86% in Germany, 
36% in Slovakia and 19% in Switzerland (Ebner 2020). 
Austria also suffered heavily from high salvage wood 
amounts during the last decades (Fig. 1). In the three 
reported years - 2018, 2019 and 2020, the already high 
30-year average of 35% salvage wood was substantially 
exceeded with the share of 54%, 62% and 54%, respec-
tively.

For actors along the wood value chain, this implies 
an increasing need to assess risks, evaluate long-term 
risk consequences and derive strategic, tactical, and 
operational measures to ensure a resilient wood supply 
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(Kogler 2023). Existing control mechanisms fail in the 
face of short-term changes, emergence of risks and in 
the event of a forest calamity. Managers have neither 
time nor appropriate methodological support to holis-
tically evaluate different strategy options and develop 
robust measures (Kogler and Rauch 2020a). In addi-
tion to forest calamity events, supply chain risks, such 
as lack of transport capacity, planning problems or 
technical risks lead to long delivery and waiting times 
of trucks in industrial facilities and, thus, represent 
novel, critical and complex logistics challenges (Kogler 
2020).

Previous studies of transportation in wood supply 
chains were conducted focusing on quantitative simu-
lation (Kogler and Rauch 2018) and optimization ap-
proaches (Acuna 2017). For Austria, those include 
discrete event simulation studies of multimodal trans-
port, where wood is transhipped from self-loading 
log-trucks to trains (Kogler and Rauch 2019, Kogler 
and Rauch 2023), as well as multi-echelon unimodal 
transport, where wood is transhipped from self-load-
ing log-trucks to semitrailer trucks (Kogler et al. 2020) 
and optimization approaches (Hirsch and Gronalt 
2013, Kogler 2016, Kogler et al. 2021). Scientific models 
were also applied in practice for contingency planning 
(Kogler and Rauch 2020a) and game-based workshops 
for knowledge transfer (Kogler and Rauch 2020b). Rel-
evant simulation as well as optimization models have 
also been developed for other leading countries of the 
wood-based industry such as Australia (Acuna et al. 

2019), Canada, Norway and Chile (D’Amours 2008) as 
well as Finland and Sweden (Väätäinen 2020). Further 
qualitative methodical approaches include analyses of 
strengths, weaknesses, opportunities and threats 
(SWOT) to formulate strategies (Rauch 2007, Rauch et 
al. 2015) and scenarios (Hynynen et al. 2015).

Empirical studies of the wood value chain examin-
ing wood supply chain phenomena, rationale of deci-
sions and delivering formal and verifiable knowledge 
are very rare. Although empirical surveys are well 
established to study supply chains in other industries 
(e.g., food, cars, electronics), empirical research reports 
and articles about the wood value chain only deal with 
limited thematic aspects, restricted regions and se-
lected stakeholder groups. The reason for such a small 
number of empirical surveys lies in the fact that they 
are time consuming and costly, and that it is difficult 
to achieve a sufficient number of responses on sensi-
tive topics. Consequently, there is a research gap in 
empirical studies focusing on salvage wood logistics, 
transport, storage and strategy development as shown 
in Table 1.

This study provides for the first time a complete 
picture of salvage wood logistics describing the status 
quo in wood transport (e.g., transport mode selection, 
challenges, use of wood terminals) and wood storage 
(e.g., stockyard types, challenges, utilization) in Austria. 
In addition, it evaluates the current logistical concepts 
in use to identify strategic development potential and 
formulate coping strategies.

Fig. 1 Regular harvest and salvage wood amounts in Austria from 1990 until 2022 with a distinction between biotic and abiotic salvage wood 
since 2004 (AFRW 1990–2022)
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»strongly disagree« or »very high«, »rather high«, 
»rather low«, »very low« was applied. The described 
study design is summarized in Fig 2.

Feedback from three pretests ensured clarity and 
comprehensibility of the questions and extensive test 
runs guaranteed a flawless online implementation of 
the survey. As a result, no technical or other kind of 
problem was reported during the three-month survey 
period from the beginning of January 2021 until the 
end of March 2021. Actors from the Austrian wood 
supply chain with expert knowledge on salvage wood 
logistics were defined as the target group and encour-
aged to participate in the online survey with industry-
wide announcements. This included announcements 
in important magazines for the wood-based industry 
(i.e., »Holzkurier« with 16,000 gross weekly reach in 
print and 35,000 online) and forestry (i.e., »Forstzeit
ung« with 14,000 gross monthly reach) as well as 
newsletters of graduate associations (i.e., Austrian 
Wood Workers Association), official interest groups 
(i.e., Austrian Wood Industry Association, Austrian 
Paper Industry Association, Austrian Wood Owner 
Association) and industry cooperation platforms (i.e., 
Wood-Forestry-Paper). Furthermore, experts of the 
Austrian Federal Forests, forest owners, freight com-
panies and industry actors were informed directly via 
the network of the Institute of Production and Logis-
tics as well as of the Austrian Ministry of Agriculture, 
Regions and Tourism personally in project meetings, 
by phone or email. This approach led to the large num-
ber of 161 valid responses to be included in the quali-
tative and quantitative analyses, which exceeds com-
parable studies in Austria, Finland and Germany (see 
Table 1) both in scope (number of valid responses) and 
level of detail (number of questions).

After closing the online-survey, collected data of 
valid responses was exported to SPSS 26. In order to 

2. Materials and Methods
Empirical surveys provide a broad basis for further 

quantitative (e.g., simulation and optimization) and 
qualitative (e.g., SWOT-analyses, in-depth expert in-
terviews) research approaches, improve the general 
understanding of a specific supply chain and fit well 
to derive recommendations, guidelines or policies. 
Therefore, empirical data on salvage wood transport 
and storage in Austria was surveyed anonymously 
with an online tool (i.e., LimeSurvey) based on four 
customized questionnaires for forestry, industry, 
transport and other stakeholder groups to address rel-
evant topics and incorporate existing expert knowl-
edge of different actors. From October to December 
2020, the structure and contents of questionnaires 
were developed based on a comprehensive literature 
research including books, papers, conference proceed-
ings, industry reports, project reports and theses as 
well as existing expert knowledge of the three cooper-
ating researchers regarding wood supply chains. Sev-
eral revision phases and three rounds of pretests in-
volving statistics and marketing survey experts as well 
as ten wood supply scientists and ten industry experts 
led to the final formulation of 108 questions. Questions 
were grouped thematically with a focus on logistical 
concepts, transport and storage. The question types 
represent a mixture of numerical entries (39), matrix 
(25), single choice (15) and multiple-choice questions 
(8) for quantitative analyses as well as open questions 
(21) for qualitative analysis. This structure ensured a 
wide and diverse range of possible responses on the 
given topic to exploratorily discover (new) phenom-
ena on the one hand, but also to cover comparable 
results based on standardized data collection and sta-
tistical analysis on the other hand. For the matrix ques-
tions, a four-point Likert scale with the choices 
»strongly agree«, »rather agree«, »rather disagree«, 

Table 1 Empirical studies of wood value chain covering the topics of transport, storage, strategy development and salvage wood

Authors Year Country Participants Publication Transport Storage
Strategy 

development
Salvage 
wood

Palander et al. 2012 Finland 76 Croatian Journal of Forest Engineering X – X –

Malinen et al. 2014 Finland 86 Croatian Journal of Forest Engineering X – X –

Freise et al. 2015 Germany 139 Project report X – – –

Becker 2019 Germany 34 Thesis X – X –

Gößwein et al. 2019 Germany 97 Project report X – X –

AGR and DeSH 2020 Germany 58 Industry sector report – X – X

Hedeler et al. 2020 Austria 89 Forest Policy and Economics – – X –

Kogler et al. 2024 Austria 161 Croatian Journal of Forest Engineering X X X X
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test if there were statistically significant differences 
between the estimates of surveyed stakeholder groups 
regarding the waiting time during the transhipment/
unloading processes of roundwood, an analysis of 
variance was performed. Determining the distribution 
of the variables was considered important to choose 
an appropriate statistical method for the relatively 
small sample size. The result of a Shapiro-Wilk test 
with a set significance level α=0.05 showed that the 
data significantly deviates (p<0.001) from a normal 
distribution and therefore violates an ANOVA as-
sumption (normality of residuals). Based on this out-
come, the non-parametric Kruskal-Wallis H test 
(α=0.05) was conducted. The following null hypothesis 
was formulated: »the estimated waiting time for self-
loading log-trucks is equal for all three stakeholder 
groups« (H0: µ1=µ2=µ3=µ) as well as the alternative 
hypothesis »the estimated waiting time for self-load-
ing log-trucks differs for at least two stakeholder 
groups« (HA: ∃i,j µi≠µj). To further expand the statis-
tical analysis, an executed pairwise post-hoc test 
(Dunn´s test) revealed which groups differ from each 
other (see section 3.3, Fig. 11).

Valid response data set was condensed into tables, 
boxplots, network, pie, column, and (stacked) bar 
charts. The most relevant tables and figures for salvage 
wood logistics as well as statistical hypothesis tests 
regarding the critical factor of waiting times for differ-
ent transport modes were carefully selected to be pre-
sented and interpreted in connection with qualitative 

answers to identify strategic development potential 
and formulate coping strategies. Within the graphs, 
attention was paid on consistent coloring of the actors 
(i.e., gray: forestry, white: transport, black: industry) 
as well as Likert scale (i.e. dark gray: very high/strong-
ly agree, gray: rather agree/rather high, light gray: 
rather disagree/rather low, white: strongly disagree/
very low) and reference was made by specifying the 
respective sample sizes (n-value). The presentation of 
the results follows the study design and is therefore 
grouped around study participants, logistical con-
cepts, transport and storage.

3. Results

3.1 Study Participants
The well-balanced ratio of industry and forestry, 

representative amounts of large- (i.e., more than 200 
hectares) and small- scale (i.e., less than 200 hectares) 
forest owners as well as plausible shares of actors 
heavily represented (i.e., sawmills) as well as minorly 
involved (i.e., authorities) in the Austrian wood supply 
chain is shown in Fig. 3. Furthermore, the statistics of 
the participants’ experience (lower quartile: 15 years, 
higher quartile: 35 years) illustrates a sound expert 
knowledge represented by the participants with on 
average 25 years (median 26 years) of industry-specif-
ic experience (Fig. 4).

Fig. 2 Study design with questionnaire development, three rounds of pretests, online survey, statistical analysis and coping strategy de-
velopment
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(51%) as well as wet (31%) stockyards. Transport ac-
tors mainly focused on dry stockyards (36%), where-
as industry relied on wet stockyards (30%). Foil 
stockyards (i.e., roundwood wrapped in a hermeti-
cally plastic film) maintaining wood quality under 
anerobic conditions were only used in a few cases 
(6%) by forestry and industry. Hiring staff was the 
preferred coping strategy of transport actors (45%), 
whereas industry and forestry focused on training 
the existing staff (33%). Investments in self-loading 
log-trucks were made by transport actors (36%) and, 
to a smaller extent, by industry (9%). Semitrailer 
trucks were mainly acquired by transport actors 
(27%), industry (18%) and, only to a very small extent, 
by forestry (2%). Contingency plans were developed 
by one-fifth of forestry actors and a similar amount 
of industry but were not considered by transport ac-
tors. Further individually applied coping strategies 
of stakeholder groups were the extension of delivery 
time (55% industry) and use of software tools (9% 
transport, 15% industry).

In order to assess promising coping strategies for 
the future, the potential of logistical concepts was 
evaluated (Fig. 5). The improvement of forest roads 
and the increase of the weight limit for wood trans-
port is highly relevant for transport actors. The po-
tential of multi echelon unimodal and multimodal 
wood transport is estimated rather high by stake-
holders of forestry and industry as well as transport 
actors, wherby the latter especialy emphasize the 
importance of unimodal transport. Furthermore, 
coping potential is attributed to a resilient mix of 
wood storage including wet and dry stockyards. The 
potential of foil stockyards has been estimated as 
limited by forestry and industry actors.

The detailed assessment of the individual stake-
holder group shows that 57% of forestry (Fig. 6), 89% 
of industry (Fig. 7) and 100% of transport actors (Fig. 
8) rated the potential for an increase of the current 
weight limit (44 tons for wood transport within 100 km 
from harvesting area) with »very high«. Further-
more, it is striking that forestry actors assessed the 
potential for multi-echelon unimodal transport high-
er (»very high« or »rather high«: 86%) than that of 
unimodal transport (81%) and multimodal transport 
(75%). Contrarily, industry actors rated the potential 
for multimodal transport and unimodal transport 
(both 78%) higher than that of multi-echelon uni-
modal transport (70%). Only for transport actors, the 
potential for unimodal transport (100%) clearly ex-
ceeded those of multi-echelon unimodal transport 
(91%) and multimodal transport (82%).

Fig. 3 Grouped activity fields of surveyed stakeholders (n=161)

Fig. 4 Industry experience distribution (median labeling) of surveyed 
stakeholder groups

3.2 Logistical Concepts
The empirical analysis explored strategies used 

by forestry, transport and industry actors to cope 
with high salvage wood amounts. Table 2 highlights 
the importance of long-term cooperation and con-
tracts to establish planning reliability, which is espe-
cially valued by forestry (69%) and industry (48%). 
Furthermore, stockyards play a crucial role, espe-
cially for forestry actors, which frequently utilize dry 



C. Kogler et al. 	 Empirical Insights into Salvage Wood Logistics (365–381)

370	 Croat. j. for. eng. 45(2024)2

Along the wood value chain, there is a strong be-
lief in the potential of wet stockyards evidenced by 
82% »rather high« or »very high« ratings from trans-
port actors, 76% from forestry and 74% from industry. 
Dry stockyards also hold future potential (»very 
high« or »rather high«: 72% transport, 59% industry, 
49% forestry), whereas foil stockyards will play only 
a minor role (»rather low« or »very low«: 81% forestry, 
74% industry, 45% transport.

Transport actors rely exhaustively on the potential 
of improvements in forest roads with 100% ratings of 
»very high« or »rather high«. The still positive assess-
ments of industry (63%) and forestry (47%) are much 
smaller. In particular, the »very high« potential, 
which was rated almost three times higher by trans-
port (64%) than by industry (26%) and forestry (23%), 
differs greatly.

3.3 Transport
Empirical analysis revealed unimodal transport 

with self-loading log-truck as preferred transport 
mode (65%) across the entire value chain. Multi-ech-
elon unimodal transport with a transhipment from 
self-loading log-trucks to semitrailer trucks is steadi-
ly increasing in popularity (16%) and already comes 
close to the percentage value of multimodal transport 
with a transhipment from self-loading log-trucks to 
train wagons (19%). Fig. 9 shows similar percentages 
for unimodal transport of large-scale forest owners, 
industry as well as transport actors, while small-scale 
forest owners use this transport mode more frequent-
ly. Compared to the other actors, industry tends to 
favor multi-echelon unimodal transport, whereas 
multimodal transport has more relevance for large-
scale forest owners and transport actors.

For three-quarters of the industry, forestry and 
transport actors, the nearest train terminal for wood 
is within a radius of 50 km. However, due to the clos-
ing of small wood terminals in Austria during the last 
decades, for 17% of the surveyed stakeholders the 
distance is more than 100 km. More than half (53%) 
of the actors along the wood supply chain already use 
the nearest train terminal for wood transport and 
about two-thirds (64%) indicate that they would use 
a train terminal more often if it was closer to their 
location. Fig. 10 reports the individual percentages for 
forestry and transport actors, highlighting the fact 
that even though the majority have access to a train 
terminal within 30 km, there are also actors who have 
to deal with longer distances. The average utilization 
of existing self-loading log-truck and semitrailer 
truck transport capacity in Austria (see Appendix: 
Fig. A1) is about four-fifths (lower quartile: 70%, higher 

Table 2 Applied coping strategies for high salvage wood amounts along the wood supply chain (with an equal weighting of the three actors 
in the column Total)

Coping strategies
Total

n = 95

Forestry

n = 51

Transport

n = 11

Industry

n = 33

Installation of long-term cooperation/contracts with customers 48% 69% 27% 48%

Setting up (additional) dry stockyards 29% 51% 36% 0%

Setting up (additional) wet stockyards 24% 31% 9% 30%

Hire additional staff 23% 8% 45% 15%

Training of staff 22% 33% 0% 33%

Acquisition of (additional) semitrailer trucks 18% 2% 27% 18%

Acquisition of (additional) self-loading trucks 15% 0% 36% 9%

Development of contingency plans 13% 20% 0% 18%

Setting up (additional) foil stockyards 4% 6% 0% 6%

Fig. 5 Potential assessment of all actors along the wood supply 
chain for logistical concepts to cope with high amounts of salvage 
wood (4: very high, 3: rather high, 2: rather low, 1: very low)
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Fig. 6 Assessment of potential logistical concepts for coping with high amounts of salvage wood by forestry actors

Fig. 7 Assessment of potential logistical concepts for coping with high amounts of salvage wood by industry actors

quartile: 98%) and, after calamities, the reported aver-
age exceeds 100% (lower quartile: 80%, higher quar-
tile: 125%).

Self-loading log-trucks are the bottleneck resource 
in salvage wood crisis. Consequently, emerging wait-
ing times for self-loading log-trucks are a critical fac-

tor for the transport capacity of the entire wood value 
chain. A Kruskal-Wallis test (α=0.05) was performed 
to elicit significant differences in waiting time esti-
mates of stakeholder groups. In two cases, the null 
hypothesis (»estimated waiting time for self-loading 
log-trucks is equal for all three stakeholder groups« 
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Fig. 8 Assessment of potential logistical concepts for coping with high amounts of salvage wood by transport actors

Fig. 9 Share of used transport mode shares of forestry, industry 
and transport actors

Fig. 10 Share of distances between forest and the nearest wood 
loading railway station

(H0: µ1=µ2=µ3=µ)) was rejected, which demonstrates 
that the estimated waiting times differ significantly 
for unloading at industrial sites during business as 
usual (0.00004<α=0.05) and in salvage wood crisis 
(0.0004<α=0.05) (see Fig. 11 e and f). A pairwise post-
hoc test (Dunn ś test) has been conducted to further 
determine statistical significant differences between 

stakeholders in the aforementioned cases. In the busi-
ness as usual scenario such difference has been cal-
culated between the pairs forestry-industry and 
transport-industry. In contrast, the estimates in the 
salvage wood crisis scenario are statistically signifi-
cant for all three pairs of stakeholders.
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Fig. 11 Average waiting time of self-loading log-trucks during busi-
ness (normal) as usual vs. salvage wood crises times (calamity)

All stakeholder groups estimate higher waiting 
times during salvage wood crisis compared to the 
business as usual case, resulting in +160% waiting 
time for the transhipment to semitrailer trucks, +194% 
for the transhipment to train wagons, and +315% for 
unloading at industry. Fig. 11 shows that the self-load-
ing log-truck waiting time varies around 20 minutes 
during business as usual, which indicates a good pro-
cess knowledge along all actors of the wood value 
chain. Consequently, it is surprising that estimates 
about the waiting time for unloading at industry dif-
fer significantly.

3.4 Storage
Empirical analysis provides insights into the ap-

plied storage variants of forestry and industry for high 
salvage wood amounts (Table 3). Industry greatly uses 
stockyards at their sites (70%). Dry stockyards outside 
the forest is the most applied storage variant in for-
estry (57%) with similar importance for industry 
(56%). Other popular storage variants, such as wet 
stockyards outside the forest, dry stockyards in the 
forest, stockyards at train terminals and stockyards on 
eligible land, are operated more often by forestry 
(36%, 38%, 38%, 28%, respectively) than by industry 

(22%, 19%, 19%, 26%, respectively). Wet storages in the 
forest play a minor role for forestry (9%) and industry 
(15%). Foil stockyards were only applied in a few cas-
es. Only a small amount of the forestry (9%) and in-
dustry (4%) actors do not use stockyards at all, which 
underlines the importance of storages as a coping 
strategy for high amounts of salvage wood.

The detailed assessment of the individual stake-
holder groups shows that 91% of forestry (Fig. 12), 
88% of transport actors (Fig. 13) and 91% of industry 
(Fig. 14) strongly agreed or agreed that existing stock-
yards have good accessibility. However, a relevant 
proportion of forestry (27%), industry (25%) and fore-
most transport actors (54%) disagree or even strongly 
disagree that existing storage capacities are sufficient 
to cope with an upcoming salvage wood crisis. Con-
sequently, 91% of transport actors, 78% of industry 
and 77% of forestry desire more regional wood storage 
options. Digitalization as well as specialized software 
for decision support along the wood supply chain in-
corporating stockyards are important contributions 
for 55% of forestry, 72 of transport and 70% of industry 
actors to cope with future salvage wood crises. In ad-
dition, the average utilization of industry storages (see 
Appendix: Fig. A2) reports missing storage capacity. 
While during business as usual around two-thirds of 
the stockyards are filled (lower quartile: 50%, higher 
quartile: 80%), the average capacity utilization rises in 
the case of a salvage wood crises to 98%. Similar to the 
utilization of self-loading log-trucks, again utilizations 
exceeding 100% were reported (lower quartile: 90%, 
higher quartile: 118%).

Table 3 Storage variants for high salvage wood amounts along the 
wood supply chain (with an equal weighting of the two actors in 
the column Total)

Measures
Total

n = 74
Forestry
n = 47

Industry
n = 27

Dry stockyard outside the forest 57% 57% 56%

Stockyard in industrial site 53% 36% 70%

Wet stockyard outside the forest 30% 38% 22%

Dry stockyard in the forest 28% 38% 19%

Stockyard near railway station 27% 36% 19%

Stockyard on agricultural land 27% 28% 26%

Wet stockyard in the forest 12% 9% 15%

Foil stockyard outside the forest 4% 4% 4%

None 6% 9% 4%

Foil stockyard in the forest 3% 6% 0%
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Fig. 12 Assessment of current and future storage options for coping with high amounts of salvage wood by forestry actors

Fig. 13 Assessment of current and future storage options for coping with high amounts of salvage wood by transport actors

4. Discussion

Climate change impacts lead to more frequent and 
more intense forest calamities resulting, together with 
outdated forest management practices and a critical 
age structure of the forests, in an increasing amount of 

salvage wood. Therefore, deriving strategic, tactical, 
and operational measures to ensure a resilient wood 
supply becomes a vital task in wood supply chains all 
around the world. Consequently, this study observed 
specific issues of salvage wood logistics, focusing par-
ticularly on transport, storage and coping strategies. 
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Fig. 14 Assessment of current and future storage options for coping with high amounts of salvage wood by industry actors

Wood value chains predominantly use unimodal 
transport concepts for log transport, which is not re-
silient in case of a sudden increase in demand (Kogler 
et al. 2020). The high truck share (self-loading log-
truck and semitrailer truck 81%) with a residual share 
of rail transport roughly corresponds to the shares of 
transport modes in wood transport in Germany 
(Borcherding 2007).

The results regarding the transport modes and 
systems applied underline that small-scale forest 
owners and forest enterprises as well as forest carriers 
stick to established approaches if they have to cope a 
salvage wood crisis. When transporting logs, small-
scale forest owners almost exclusively use self-load-
ing log-trucks (83%), whereas large-scale forest enter-
prises make somewhat less use of this transport mode 
(62%). Semitrailer truck transport plays only a minor 
role for both actors, with 12% and 16%, respectively. 
Due to the higher average transport distances for 
large-scale forest enterprises, the share of rail trans-
port accounts for 22%, whereas it is negligible for 
small-scale forest owners.

Also, transport actors rely on well-integrated trans-
port concepts and, therefore, see the highest potential 
in self-loading log-truck transport (91% agreement), 
while there is less agreement on transhipping salvage 
wood on semitrailer (45%) or rail (18%). Both transport 
systems cause a considerable additional organization-
al effort and a more complex dispatching process for 

freight companies. Simultaneously, further research 
shows that carriers underestimate the bottleneck of 
self-loading log-truck transport capacity and its conse-
quences during forest calamities, such as wood quality 
losses due to blue stain or beetle infestation (Kogler 
and Rauch 2023). The preferred use of self-loading log-
trucks by forestry and transport actors is based on eco-
nomic aspects in addition to operational habit, as trans-
port costs are the essential criterion for both actors 
when choosing the mode of transport, whereas risk 
management considerations and contingency planning 
are underdeveloped. If high amounts of salvage wood 
need to be transported quickly out of the forest, the 
reported transport capacity utilization exceeds 100% 
indicating the deployment of short-term coping strate-
gies such as overtime hours (e.g., Saturday shifts) of 
existing staff, temporary employment of additional 
drivers (e.g., retired drivers, former employees, family 
members), temporary hiring of transport actors from 
regions outside the salvage wood region as well as 
temporary rental of external semitrailer trucks.

Due to the large procurement area of sawmills as 
well as pulp and paper industry, they regularly tran-
ship logs to semitrailers or train wagons for longer 
transport distances of several hundred kilometres. In 
the case of semitrailer truck transport, wood imports 
are partly responsible for the high maximum value of 
on average 188 km. In contrast to the rest of the wood 
value chain actors, industry actors consider wood 
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transport from the forest by truck followed by rail 
transport as the most promising transport concept. 
Thus, industry rates multimodal transport concepts, 
in particular the combination of truck and rail, as a 
viable option for coping with salvage wood crises. In 
the case of a salvage wood crisis, increasing rail trans-
port cuts supply peaks, significantly reduces unload-
ing times at industry terminals and provides addi-
tional buffer due to the log storage capacities at train 
terminals. However, many forestry operations and 
freight companies continue to rely exclusively on di-
rect self-loading log-truck transport even though the 
already existing shortage of drivers who can handle a 
crane is likely to worsen in the future (e.g., for Finland 
– Palander et al. 2012 and Malinen et al. 2014; for  
Germany – Freise et al. 2015, Borchert et al. 2019 and 
Becker 2019; for the USA – Costello and Karickhoff 
2019 and Conrad 2018). Without recourse to rail trans-
port, this bottleneck can only be overcome by increas-
ing utilization of semitrailer truck transport because 
significantly fewer self-loading log-truck drivers are 
needed in a combined system of semitrailer trucks and 
self-loading log-trucks (Kogler et al. 2020).

The main obstacle to transport wood by rail is the 
lack of train terminals in the countryside as a result of 
the pressure for cost reduction causing the closure of 
unprofitable, hardly used loading stations. Further-
more, the poor performance of rail companies in terms 
of both flexibility and adherence to schedules, lack of 
availability of wagons as well as the lack of storage 
capacity at loading stations hinders the switch to train 
transport to cope with non-regular situations. How-
ever, there are also practical reasons for preferring 
other modes of transport. About half of forestry op-
erations surveyed do not use a wood loading station 
because rail transport is unprofitable due to short 
transport distances and the fact that some customers 
can only be supplied by self-loading log-trucks or 
semitrailer trucks due to their lack of a rail siding.

Queuing times for transhipment to a semitrailer 
truck or train wagon as well as unloading at the indus-
trial site are consistently estimated by the various stake-
holders to be higher in case of a calamity than under 
regular circumstances. The waiting time estimates pro-
vided by industry actors for trucks when unloading at 
the industrial site in the regular case are similar to those 
of other studies (Kretzer et al. 2009). Nevertheless, there 
are statistically significant differences in estimates 
among the three stakeholder groups for waiting times 
at the industry site. Wood supply managers from saw-
mills as well as pulp and paper industry report waiting 
time for unloading at industrial facilities in the event of 
calamity as only 30 minutes on average, contrary to for-

estry and freight companies who report 55 and 107 
minutes, respectively. While all stakeholder groups at-
test to longer waiting times in the event of a calamity, 
different perceptions, or at least official statements on 
the absolute extent of time delays, are possibly clouded 
by self-interest or may be a measure used to strengthen 
one’s own position in freight tariff negotiations. In the 
event of a salvage wood crisis, a high industry storage 
capacity utilization (98% on average) leads to rapidly 
increasing unloading times as a result of higher pile 
heights and longer travel distances at the log yard. Since 
waiting times are included in the freight rates negoti-
ated between transport actors and industry or, less fre-
quently, the forestry actors, there is a pressure for car-
riers to renegotiate freight rates or for additional 
compensation. According to estimates by German 
freight companies, waiting times reduce the amount of 
wood transported by 11% (Gößwein et al. 2019). Cor-
responding values for the Austrian wood supply chain 
were calculated based on the reported values in this 
study for eight-hour shifts of daily working time and 
an average of two log deliveries per day. The waiting 
time induced lost transport capacity for semitrailer 
truck transport, train transport and unimodal truck 
transport during periods of business as usual is 6%, 8% 
and 9%, respectively, and rises during salvage wood 
crises to 10%, 16% and 27%.

It was also found that transport capacity could be 
better exploited if delays at mills were decreased 
(Borchert et al. 2019). Stakeholders see deficiencies in 
the organization of log transport, bottlenecks in un-
loading capacity and lack of time management as 
main reasons for long delays in log handling. Togeth-
er with freight companies, forestry actors demand bet-
ter coordination with industry and propose a supply 
system with fixed time slots for wood removal in the 
forest as well as for unloading at the industrial sites. 
Industry sees digital tracking of trucks (i.e., fleet man-
agement) as a way to ensure better supply manage-
ment and reduce waiting times.

In the event of a salvage wood crisis, wood supply 
chain actors largely resort to a few field-tested mea-
sures. Industry readily extends receiving hours at the 
log yard, a measure rated as most important by more 
than half of the wood supply managers, which is well-
appreciated by transport actors in order to buffer the 
high utilization or partial overloading of transport ca-
pacity associated with a forest calamity event. In fact, 
in salvage wood crises, industry reports stockyard uti-
lizations exceeding 100%, indicating the deployment of 
short-term coping strategies, such as renting additional 
but not permanently existing storage capacities, build-
ing new temporal stockyards while wagering that the 
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lengthy approval process of public authorities to permit 
the wood storage at the given location serve their situ-
ational necessity, or overfilling existing storages with 
the drawback of inefficient handling times due to space 
limitations or dangerously high wood piles.

In addition, the most frequent short-term measures 
in industry include training of personnel to provide 
manpower for the increased working hours. In the 
medium and long term, additional storage areas are 
constructed for wet storage and intensification of co-
operation with forestry actors, respectively. A measure 
that is also regarded by the forest enterprises as the 
most important step in coping with a calamity is the 
long-term cooperation with freight companies and the 
construction of additional storage areas for dry stor-
age. Accordingly, wet storage of salvage wood as a 
measure to be taken draws the most interest by German 
forest enterprises and the German saw milling indus-
try (AGR and DESH 2020). Cost saving potential of 
intensified cooperation in an integrated supply chain 
setting was calculated for an Austrian case study with 
a mixed integer programming model resulting in up 
to 24% savings, which can be reinforced by higher 
truck payloads up to 40% (Kogler et al. 2021).

Guarantee of a prompt absorption of salvage wood 
by the industry as well as securing necessary freight 
capacity are priorities for forestry actors. Salvage wood 
should be transported quickly and with as little loss of 
quality as possible from the forest directly to industry 
and only surplus quantities are stored temporarily in a 
dry storage facility for the short term or in a wet storage 
facility outside the forest for the medium term, primar-
ily for forest protection reasons. For transport actors, 
response of industry, which mostly orders and pays for 
log transport, to a forest calamity event is most decisive. 
In order to increase planning security, especially with 
regard to an increase in their own truck fleet, transport 
actors rely on long-term contracts and intensive coop-
eration with the industry. As wood is also increasingly 
transhipped to trains, many carriers also recognize 
training of their own personnel as very important. This 
is so that the very strict railroad regulations regarding 
loading safety can be complied with as adjusting wag-
gons not loaded according to the rules hinders trans-
portation and generates extra costs.

Construction of new log yards, especially wet 
stockyards outside the forest, increases storage capac-
ity and provides a buffer in the event of high volumes 
of salvage wood to ensure a continuous flow of wood 
with moderate waiting times and also to cut supply 
peaks. Forestry actors and industry currently use 
mainly dry storage outside the forest and industrial 
storage for storing salvage wood. The third most fre-

quently used concept is wet storage outside the forest, 
thus, about one-third of each of the surveyed forestry 
enterprises and industry have established wet storage 
following a salvage wood crisis. It can be assumed that 
these values will continue to rise in the future, as wet 
storage was rated by both stakeholder groups as the 
most promising storage concept by far. In contrast, foil 
storage has only a very low actual relevance for both 
actors and very little potential has been attributed to 
this concept. This is probably due to the limited size 
of the piles and the high technical effort required to 
implement such storage facilities.

Almost unanimous support for an increase in the 
legally permitted transport tonnage by industry and 
transport companies, 89% and 100% respectively, con-
trasts with support by the forestry stakeholders with 
only 57%. Here, forestry actors are concerned with the 
higher strain put on forest infrastructure, possibly in-
ducing higher maintenance costs. Increasing transport 
capacity speeds up the removal of salvage wood while 
at the same time reducing CO2 emissions (Klvac et al. 
2013), reduces the number of trips required between for-
est and industry by bundling transport orders (Gronalt 
et al. 2005) and the number of trucks required (Kogler 
et al. 2020). Higher legal gross vehicle weight also re-
sults in lower trucking costs (Borcherding 2007) and 
lower fuel consumption per m3 of wood transported 
(Väätäinen et al. 2020). As expected, improvement of the 
forest road network is of particular interest to transport-
ers, while there is less agreement among industry and 
forest enterprises in this respect. However, as transport 
actors have the most experience on the actual condition 
of forest roads, their expectations and concerns should 
be taken more seriously. Only a few companies in the 
Austrian value chain have prepared contingency plans 
in advance to cope with salvage wood.

Limitations of the conducted study are principally 
in the restrictions of area and time. Building on the 
reported results, further empirical studies of specific 
topics such as condition of road surface or bearing ca-
pacity (cf. Malinen et al. 2014), too low freight prices 
(cf. Borcherding 2007) and high fuel prices, both seen 
as major future risks by carriers (Freise et al. 2015), 
provide further insights into wood transportation 
problems. However, in comparison with similar em-
pirical studies, a larger sample size and more ques-
tions were included and a comprehensive, well-bal-
anced, representative ratio of actors were incorporated.

Further relevant topics connected to the presented 
analyses include the important role of geographical 
information systems for transport modelling with 
geospatial data, disaggregated models and geo-visu-
alization (Scholz et al. 2008, Atzl et al. 2019, Scholz et 
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al. 2021) as well as geospatial artificial intelligence 
(Dopler and Scholz 2021). Loidl et al. (2016) formulated 
a useful guideline for the future development of for-
est-based supply chains regarding a seamless infor-
mation flow, integrated management as well as facili-
tating data exchange and collaboration. To ensure that 
technological developments can be implemented 
along traditional wood value chains and their conser-
vative actors, organizational measures must be taken 
to ensure internal system readiness. To this end, it is 
expedient to accompany the technology-related new 
processes with change management and process re-
engineering in order to establish the necessary orga-
nizational culture change (e.g., readiness for innova-
tion through data-based decision support) and 
structural trust building (e.g., readiness to cooperate 
for transparent data exchange) broadly along the 
wood value chain.

5. Conclusions
The analysis of findings of the empirical study re-

garding logistical systems, transport modes and dis-
tances as well as storage concepts between regular 
wood supply and a salvage wood crisis enabled the 
formulation of coping strategies. Accordingly, salvage 
wood must be removed from the forest as quickly as 
possible and transported directly to industry as a mat-
ter of priority. Only surplus volumes should be placed 
in intermediate stockyards outside the forest. To 
achieve this, additional transport capacity must be se-
cured by proactively recruiting wood carriers from 
regions not affected by the salvage wood event and by 
making full use of Saturday shifts and longer working 
hours for drivers within legal limits.

Due to recurring forest calamities, the increase of 
storage capacities is an important instrument to imple-
ment buffer facilities along the supply chain. In this 
respect, the entire wood value chain considers in par-
ticular the expansion of regional storage sites, prefer-
ably outside the forest, to be a suitable coping strategy. 
Dry storage facilities, especially for industrial wood, 
are seen as an extremely important concept for coping 
with salvage wood crises, as they serve both as a buf-
fer in the case of a lack of supply options and to secure 
supply when forest roads are not passable by truck 
(e.g., snow, rain). However, usually the sole use of 
unimodal truck transport quickly reaches its limits, 
especially driven by a lack of both self-loading log-
trucks as well as specialized drivers. Therefore, sal-
vage wood should also be transhipped immediately 
to train wagons enabling to transport high amounts of 

wood out of the crisis regions in order to achieve a 
higher price elsewhere also compensating the higher 
transport costs. However, the empirical study showed 
that due to the decreasing number of loading stations 
there are ever longer supply distances and that wagon 
provision is unreliable. In the case of salvage wood, 
self-loading log-truck drivers often load wagons for 
the first time, frequently violating the loading guide-
lines, which subsequently leads to wagons being re-
stricted from further transport by railroad security 
personnel. If rail transport is not possible due to a lack 
of wagons or economical unviability caused by long 
distances to the next train terminal for wood, multi-
echelon unimodal wood transport with semitrailers is 
an appropriate alternative. According to all actors’ 
experiences, truck drivers for semitrailers are more 
readily available than self-loading log-truck drivers as 
the latter need both crane handling capabilities and 
specific forest knowledge.

In addition to missing self-loading log truck driv-
ers, the takeover capacity at industry stockyards is 
often the next bottleneck, particularly when approach-
ing the capacity limit of the log yard results in very 
long waiting times. Introduction of longer service 
times in the mills (especially on Saturdays) as well as 
an increase of the tonnage limit for log-truck transport 
were unanimously named as suggestions for urgent 
improvement in the logistics of salvage wood. Further-
more, it was found that risk management concepts, 
coping strategies or standardized contingency plan-
ning for recurring risks are missing in the sector as 
well as on the company level. In addition, experiences 
regarding strategies and procedures of past forest ca-
lamity events are not documented, therefore prohibit-
ing learning processes of actual staff based on profes-
sional knowledge management.

Each sector of the wood supply chain evaluates the 
difficulties and challenges specific to their own do-
main as the most important, which reflects a pro-
nounced competitive thinking and a lack of coopera-
tive consensus in the case of a salvage wood crisis. 
Contrarily, deepening cooperation to better cope with 
salvage wood calamities has been evaluated as a major 
step for improvement by all actors. Therefore, specify-
ing the consensus of cooperation in terms of opera-
tional measures and previous as well as future steps 
to build mutual trust need to be investigated in detail.
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