Taylor & Francis
Taylor & Francis Group

Wood Material Science & Engineering

Wood Material Science
& Engineering

ISSN: 1748-0272 (Print) 1748-0280 (Online) Journal homepage: www.tandfonline.com/journals/sw0020

Roundwood storage methods and their effect on
spruce wood quality: a review

Stephan B6hm, Axel Solt-Rindler, Oliver Vay, Robert Prinz, Michael Grabner
& Christian Kanzian

To cite this article: Stephan B6hm, Axel Solt-Rindler, Oliver Vay, Robert Prinz, Michael
Grabner & Christian Kanzian (06 Jul 2026): Roundwood storage methods and their
effect on spruce wood quality: a review, Wood Material Science & Engineering, DOI:
10.1080/17480272.2026.2682454

To link to this article: https://doi.org/10.1080/17480272.2026.2682454

© 2026 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

% Published online: 06 Jul 2026.

N
[:J/ Submit your article to this journal &

||I| Article views: 142

A
h View related articles &'

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=swo020


https://www.tandfonline.com/journals/swoo20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17480272.2026.2682454
https://doi.org/10.1080/17480272.2026.2682454
https://www.tandfonline.com/action/authorSubmission?journalCode=swoo20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=swoo20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17480272.2026.2682454?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17480272.2026.2682454?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17480272.2026.2682454&domain=pdf&date_stamp=06%20Jul%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/17480272.2026.2682454&domain=pdf&date_stamp=06%20Jul%202026
https://www.tandfonline.com/action/journalInformation?journalCode=swoo20

WOOD MATERIAL SCIENCE & ENGINEERING
https://doi.org/10.1080/17480272.2026.2682454

Taylor & Francis
by informae«
8 OPEN ACCESS

Roundwood storage methods and their effect on spruce wood quality: a review

REVIEW ARTICLE

2 Axel Solt-Rindler b< Robert Prinz @9, Michael Grabner ©®® and

a

Stephan Bohm b< Oliver Vay

Christian Kanzian

3BOKU University, Institute of Forest Engineering, Department of Ecosystem Management, Climate and Biodiversity, Vienna, Austria; ®"Wood K plus -
Competence Centre for Wood Composites & Wood Chemistry, Kompetenzzentrum Holz GmbH, Linz, Austria; “BOKU University, Institute of Wood
Technology and Renewable Materials, Department of Natural Sciences and Sustainable Resources, Tulln an der Donau, Austria; “Natural Resources
Institute Finland (Luke), Joensuu, Finland

ABSTRACT

Climate-driven increases in calamities are altering timber supply dynamics across Europe, resulting in
large volumes of spruce roundwood that cannot be processed immediately. Interim storage buffers
timber supply and helps maintain wood quality. Storage decisions involve trade-offs among economic
cost, environmental impact, operational feasibility and wood-quality preservation, yet the available
knowledge is dispersed across technical and scientific literature.

This review synthesises published research on spruce roundwood storage based on 68 studies spanning
six decades. Storage methods were classified and evaluated using an integrated framework of biological,
chemical and physical quality indicators. The reviewed literature shows that storage conditions,
particularly the interaction of moisture availability, oxygen supply, and temperature, govern wood
quality development. Dry storage is scalable but offers only short protection. Wet and anaerobic foil
storage enable reliable long-term preservation but require higher technical effort. Cold storage is
effective yet geographically and seasonally constrained, while live or standing storage provides limited
and unpredictable preservation.

Overall, no method is universally optimal, but each represents a specific preservation regime with defined
operational limits. By linking storage environment to resulting wood condition, this synthesis provides a
structured reference for interpreting quality development and selecting suitable storage strategies for
spruce roundwood during interim storage.
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1. Introduction . . . .
season, the risk of bark beetle infestation and mass propagation

The forest-based supply chain is increasingly challenged by the
rising frequency and severity of natural disturbances, with
average annual damage volumes of 43.8 million m® per year
between 1950 and 2019 across Europe (Patacca et al. 2023).
Sudden events such as droughts, storms and subsequent
bark beetle outbreaks generate unanticipated volumes of
timber, resulting in supply shocks that affect roundwood
prices negatively (Schwarzbauer 2006). Fuchs et al. (2022) dis-
tinguish two causes of revenue loss after a disturbance,
namely a decline in roundwood quality and a temporary over-
supply in the market. For spruce (Picea spp.) roundwood in par-
ticular, the study identified the latter as the main driver of
reduced revenues. Asada et al. (2023) analysed the differential
effects of disturbance events on coniferous roundwood assort-
ments. While windthrow and bark beetle outbreaks led to
decreased pulpwood prices, salvage logging tended to
increase prices for high-quality sawlogs, particularly in
regions where sawlog exports are of minor importance.
Beyond price elasticity, logistical constraints represent an
additional challenge for the forest-based supply chain in the
aftermath of large-scale disturbances. Depending on the

is high, as damaged stands are especially susceptible to coloni-
sation and provide suitable breeding material (Christiansen
and Bakke 1988, Senf and Seidl 2021, Kdrvemo et al. 2023). Con-
sequently, resources must be reallocated to salvage logging
operations, and operational decisions regarding the prioritisa-
tion of affected stands are required (Roos 2023). A considerable
proportion of the roundwood cannot be immediately processed
and must therefore be stored in interim facilities. Depending on
the extent of the damage and the resulting timber volumes,
storage periods may extend over several years. During interim
storage, wood quality deteriorates, leading to a decline in econ-
omic value. Exposure to environmental factors and biological
agents such as insects, fungi and bacteria are the main drivers
of this degradation. The responsibility for timber storage and,
by extension, the associated risk of quality and value loss typi-
cally lies with the forest owner.

Several methods for roundwood storage have been devel-
oped to mitigate degradation processes and preserve wood
value during interim storage. Increasing costs and changing
environmental regulations necessitate the selection of
optimal storage solutions in the event of calamities, balancing
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treatment costs against the potential loss in preserved timber
value, or the development of new methods for roundwood
preservation. Although numerous guidelines (CTBA 2004,
Lukkari et al. 2004, Lutze 2014) and national reports (Makela
and Pennanen 1980, Makeld et al. 2000, Makeld et al. 2001,
Makeld 2002, Makeld and Achren 2003, Makeld 2004, Golser
et al. 2005, Wilhelmsson et al. 2010) for roundwood storage
have been developed over recent decades, structured
reviews synthesising scientific studies that link specific
storage methods with their preservation outcomes remain
scarce. The objective of this review is to provide a comprehen-
sive overview of published research addressing the effects of
different storage methods and stock treatments on the
quality of spruce (Picea spp.) roundwood.

2. Methods
2.1. Literature search and selection

The literature search was conducted in multiple steps. In an
initial step, a systematic approach was employed to identify rel-
evant literature on the storage of spruce wood as roundwood.
A comprehensive search was conducted using major academic
databases, including Scopus, Web of Science and Google
Scholar.

Search strings with Boolean operators were used to
combine relevant keywords such as “spruce”, “Picea”, “round-
wood”’, “log storage” and “wood preservation”. The strings
were iteratively expanded and refined. For example, it was
necessary to incorporate an ‘AND NOT'- operator to exclude lit-
erature that primarily focuses on carbon storage. A final string,
which is specifically tailored to search within the title, the
abstract and the keywords in the database Scopus is provided
as an example in Table 1. The translation of the string to the
required syntax of the data-bases Web of Science and Google
scholar was done with the help of ChatGPT (OpenAl 2023).

The titles and abstracts of all retrieved articles were screened
to assess their relevance to the topic. Studies were included if
they (1) focused specifically on spruce (Picea spp.) wood, (2)
addressed its storage as roundwood and (3) addressed
aspects of wood quality. Studies were excluded if they (1)
focused on other wood species, (2) investigated further pro-
cessed forms of wood (e.g. sawn timber, chips, pellets) or (3)

Table 1. The final search string used in Scopus to identify relevant literature
employed the Boolean operators ‘AND’, ‘OR’, and ‘AND NOT’, along with the
asterisk (*) wildcard to capture variations in word forms, including different
inflections, plural forms and parts of speech.

TITLE-ABS-KEY ((“round*wood” OR “log*wood” OR “log*” OR “timber*” OR
“lumber*” OR “wood*log")
AND (“spruce” OR “Picea”) AND (“store” OR “storage” OR “stor*method*” OR
“stor*technique*” OR “stor*practice*” OR “stor*condition*” OR “wet*stor*” OR
“dry*stor*” OR “foil*stor*” OR “in*bark” OR “with*bark” OR “de*bark*” OR
“bark*free” OR “without*bark” OR “bark*remov*” OR “preserv¥method*” OR
“conserv¥method*” OR “wood*stor*” OR “log*stor*” OR “wood*preserv*” OR
“log*preserv*” OR “moist*stor*” OR “humid*stor*” OR “air-dry*stor*” OR “kiln-
dry*stor*” OR “water*stor*” OR “submerg*stor*” OR “wrap*stor*” OR
“seal*stor*” OR “cover*stor*” OR “bark*intact” OR “bark*on” OR “bark*stripp*”
OR “bark*peel*” OR “blue*stain*” OR “sap*stain*” OR “discolor*” OR
“discolour*"))
AND NOT (“store W/2 carbon” OR “storage W/2 carbon” OR “carbon W/ store”
OR “carbon storage”)

did not address storage or storage-related effects on wood
quality. No time range was applied to the search criteria and
all available studies were considered for inclusion. After initial
screening, the full texts of potentially relevant studies were
retrieved (where available) and further assessed for eligibility.
In addition, the reference lists of the included articles were
manually searched to identify further relevant studies which
were not listed in the aforementioned databases. This snowbal-
ling technique ensured that relevant literature was considered
which was not found by the initially performed systematic
search approach, but does meet the scope. A small number
of cited studies could not be obtained in full text, but their
abstracts and secondary citations were reviewed to minimise
potential gaps in coverage.

It was found that many of the references identified origin
from Germany and Scandinavia. As the authors of this review
speak German and Finnish in addition to English, it was
worth taking a look into literature written in these languages.
This includes not only peer-reviewed literature in SCl-listed
journals, but also many sources published in weekly specialist
journals or as reports, which provide data that seem relevant.
Given the applied nature of roundwood storage research and
the historical importance of regional trials, this review adopts
a systematic core search complemented by targeted inclusion
of high-relevance technical and regional sources.

2.2. Analytical framework

The categorisation applied in this work builds on recent scien-
tific classifications of roundwood storage (Trautwein et al.
2025b), is complemented by the addition of cold storage,
and is further refined by distinguishing between deliberate,
technically implemented storage methods and situational
storage options arising from operational constraints. This dis-
tinction is necessary because live and standing storage do
not constitute actively controlled preservation strategies. More-
over, in these cases the material does not formally qualify as
roundwood according to the Joint Forest Sector Questionnaire
forest products definitions (FAO 2021), as the trees remain
unharvested. Both may occur as viable situational options
when harvesting or processing capacities are exceeded and
therefore differ fundamentally from storage methods with
defined mechanisms. They are mentioned in this review for
conceptual completeness, but are not incorporated into the
analytical framework of storage effects because, in these
cases, biologically induced degradation processes cannot be
linked to a defined and controllable storage environment.
Although biological agents also drive quality changes in
managed storage systems, live and standing storage lack
clear temporal, physical, and environmental boundaries, and
wood-quality development is dominated by disturbance-
related processes — particularly bark beetle attack and associ-
ated fungal succession — rather than by storage-induced
conditions.

To enable a structured evaluation of spruce wood quality
development during storage, all identified parameters in the
reviewed literature were categorised into three principal
domains: (1) biological, (2) chemical, and (3) physical quality
indicators. This classification focuses on state-based indicators



describing the material condition of the wood. Many indicators
were linked to a corresponding observable effect, for instance
discolouration, surface cracking, or chemical alteration, which
serves as a practical manifestation of wood quality change.
Indicators include intrinsic material properties while environ-
mental parameters are treated separately as process-based
indicators governing quality development. This framework pro-
vides a consistent basis for comparing findings across studies
and storage methods, enabling a systematic interpretation of
how different preservation environments influence spruce
roundwood integrity.

In a subsequent synthesis step, the qualitative evidence
derived from these indicator domains is integrated into a com-
parative, method-level assessment. This synthesis is expressed
using an ordinal, multi-criteria radar chart that aggregates lit-
erature-based tendencies across major storage methods
rather than representing measured performance values. The
radar chart builds directly on the analytical framework by con-
densing biological, chemical, and physical effects into six com-
parative criteria reflecting economic, environmental,
operational, and preservation-related trade-offs. Each author
independently rated the storage methods across the six criteria,
and the final scores represent the arithmetic mean of these
ratings. Sub-methods are thereby considered as sources of
variability within each storage method, while the synthesis
focuses on general performance envelopes at the method level.

3. Results
3.1. Relevant storage methods

The literature search and subsequent screening process
resulted in 68 publications, relevant to this review. The earliest
identified study dates back to 1966 (Dahm 1966), while the
most recent contribution was published in 2026 (Trautwein
et al. 2026), indicating a research period spanning six decades.

As shown in Figure 1, the temporal distribution of studies is
highly uneven and strongly associated with disturbance-driven
research waves. Isolated early contributions appeared between
the 1960s and late 1980s, mainly addressing water storage and
basic dry storage effects. A first marked increase in publications
occurred in the early 1990s, coinciding with the large-scale
storm events Vivian and Wiebke (1990 (GroB et al. 1993)).
Further pronounced clusters follow the storms Lothar (1999
(Anonymous 2006)), Gudrun (2005 (Jonsson 2008)), Kyrill
(2007 (Geibler and Scholz 2008)), Friederike (2018 (Brischke
et al. 2020)) and Sabine (2020 (Anonymous 2020b)), reflecting
recurring surges in research activity triggered by calamity-
related timber oversupply. Since approximately 2000, studies
on spruce roundwood storage have appeared continuously,
with a noticeable intensification after 2010, indicating sus-
tained relevance under changing climatic and disturbance
regimes.

With respect to storage methods (Figure 2), dry storage is
addressed in the largest number of studies, appearing in 31
publications. Within this category, uncovered piles dominate
clearly, whereas covered dry storage (including tarpaulins,
roofed piles, and indoor storage) is treated in a substantially
smaller number of studies, often in combination with drying-
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oriented or engineered conservation concepts. Wet storage is
the second most extensively investigated category, with 26
studies, most of which focus on sprinkling systems, while full
water storage is addressed in only five studies, all of which
are comparatively early and experimentally oriented.

Foil storage is represented by 12 sources, almost exclusively
originating from Central Europe and largely concentrated
around the development and evaluation of foil and wet
storage during and after the 1990s. Cold storage appears in
four studies, exclusively from Finland, and is closely linked to
winter-harvested pulpwood. Bio-chemical treatments and in-
ground storage are each addressed in only 4 and 2 studies,
reflecting their specialised application and limited operational
relevance.

Geographically, the reviewed literature is strongly concen-
trated in Central and Northern Europe, with the majority of
studies originating from Germany, Sweden, Finland, comple-
mented by smaller numbers of studies from Austria, Norway,
Switzerland, Slovakia, the United Kingdom, Canada, and
Greece. This regional focus reflects both the ecological impor-
tance of spruce and the historical role of storm and bark-
beetle disturbances in these regions.

Overall, the distribution of studies reveals a pronounced
methodological and temporal bias. Research activity seemingly
intensifies following large disturbance events and focuses pri-
marily on storage methods that are either widely applied in
practice (dry storage, sprinkling) or demonstrably effective
but technically demanding (water storage and foil storage). In
contrast, storage methods with narrower operational applica-
bility or higher technical complexity remain underrepresented,
despite their potential relevance under specific climatic, eco-
logical, or logistical constraints.

3.2. Quality indicators

The reviewed studies report a wide range of biological, chemi-
cal, and physical indicators that have been used to assess the
quality of spruce (Picea spp.) roundwood under different
storage conditions. These indicators describe the material
state of the wood and its observable responses to storage
environments. Beside these state-based indicators there are
grading systems mentioned in the literature that translate
wood condition into market-relevant classes.

3.2.1. Biological quality indicators

Biological quality indicators describe the range of fungal, bac-
terial, and insect-related processes that affect spruce round-
wood during storage. Assessments capture both the presence
of specific organisms such as Armillaria spp., blue-stain fungi,
moulds, wood rot fungi and a variety of phenomenological
decay types that reflect changes in wood structure or appear-
ance. Together, these indicators represent the main biological
pathways through which roundwood deteriorates under
different storage environments.

The terminology used in the sources combines mechanistic
and descriptive perspectives, which can lead to inconsistencies
if not clarified. Brown rot and white rot denote well-defined
enzymatic decay mechanisms that modify lignin and polysac-
charides in characteristic ways. While soft rot is defined by
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Figure 1. Reference count by publication year and storm events, which were referenced within the reviewed literature.

characteristic cell wall degradation patterns, including cavity
formation and erosion, first described by Savory (1954), the
term is used inconsistently in the reviewed literature and is
often applied descriptively in practice to denote superficial or
visually softened wood, rather than a distinct decay mechan-
ism. Discolouration phenomena such as blue-stain and red-
streak are similarly not structural forms of decay but visual
effects caused by fungi that colonise nutrient-rich sapwood.
For the purposes of this review, these descriptors are treated
as complementary indicators spanning aesthetic alterations,
early-stage degradation, and advanced rot, irrespective of
whether the underlying fungi or decay mechanisms were expli-
citly identified in the original studies.

This classification provides a consistent basis for interpreting
biotic activity across storage methods. Table 2 summarises all
identified biologic indicators together with their observable
effects, the assessment methods applied, the storage
methods in which they were reported, and the corresponding
references.

Insect infestation under dry storage conditions involved bark
beetle (e.qg. Ips typographus (L.)) as well as boreholes from wood-
boring insects such as various species of longhorn beetles (Cer-
ambycidae), ambrosia beetles (e.g. Trypodendron lineatum
(Oliv))), and wood wasps (Siricidae). Damage was quantified

Dry storage 31

Wet storage 26

Foil storage 12

Cold storage

Bio-chemical treatment

In-ground storage

T T
20 30

Count

Figure 2. Count of reviewed sources that investigate wood quality in spruce
roundwood by storage method.

through borehole and gallery counts on stem sections, often
in conjunction with assessments of fungal colonisation.

Armillaria spp. are treated separately due to their recurring,
storage-specific manifestation patterns under irrigated con-
ditions, irrespective of their general decay classification.
Characteristic symptoms such as rhizomorph networks, myce-
lial fans, and dark lines of demarcation were consistently docu-
mented on irrigated log piles where surface wetting and
limited aeration created suitable growth conditions (). These
studies applied field visual assessment, inoculation trials, and
microscopic analysis to describe the spatial spread and
oxygen supply mechanisms, including the formation of
tubular air channels in water-saturated sapwood.

Other forms of decay were reported under dry or cold
storage conditions. Hard rot, describing early decay stages
where the woody texture remained intact, and soft rot, charac-
terised by friable or fibrous structure and measurable dry-mass
loss, were observed in stored logs. These user-oriented decay
types were complemented by biologically defined brown-rot
and white-rot mechanisms, caused by decay fungi such as
Armillaria mellea s.l, Coniophora puteana (Schum.) P. Karst,
Gloeophyllum trabeum (Pers.) Murill, or Trametes versicolor (L.)
Lloyd. Assessment methods included visual sectioning, mass-
loss determination, and fungal inoculation assays.

Non-decay fungal indicators such as blue-stain and red-
streak fungi were assessed in context of stored logs. Blue-
stain are the hyphae of a variety of fungi belonging mostly to
the orders Microascales and Ophiostomatales (Kirisits 2004).
They are commonly associated with insects, which are
common in the forest and transfer fungal spores (Hartig
1844, Minch 1907, 1908, Kirisits 2004). Red-streak is caused
by fungi belonging to the family Corticiaceae s. lat. (Stereaceae
PILAT 1930) (Pechmann et al. 1967, Kleist 2001). For example,
with Stereum sanguinolentum (Alb. et Schw.: Fr.) Fr. und Amylos-
tereum areolatum (Chaill.: Fr.) Boid. there is evidence in the sup-
porting literature for an association with wood-wasps
belonging to the family Siricidae (Francke-Grosmann 1939).

Discolouration developed rapidly after felling, reducing
wood brightness and surface quality. Quantification relied on
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Table 2. Summary of biological quality indicators occurring in spruce roundwood during storage, showing the corresponding visible or measurable effects, assessment
approaches, storage environments in which they were documented, and literature sources.

Quality indicator

Observable effect

Assessment method

Storage method

References

Armillaria spp.

Bacteria infestation

Blue-stain fungi

Red-streak fungi

Hard rot
(phenomenological)

Soft rot
(phenomenological)

White rot (biological)

Brown rot (biological)

Rot (no further
description)

Fungal decay (no
further description)

Fungi (no further
description)
Insect infestation

Mould fungi

Mycelial cords
Lines of
Demarcation
Rhizomorphs
Mycelial fans
Discolouration

Smell
Discolouration

Sap-stain
Discolouration

Sap-stain
Discolouration

Decay (initial, woody
texture intact)

Decay (friable,
spongy, or fibrous)
Mass loss

Mycel growth
Mass loss
Decay
Discolouration

Mycel growth
Mass loss
Decay
Discolouration

Decay

Surface mycelium
No internal rot
Boreholes
Galleries
Frass

Mould

Visual assessment
Inoculation
Microscopic inspection

Visual assessment
Microscopic inspection
Conclusion from chemical
Composition

Visual assessment (cross
section / Envelop surface /
bore cores / Sawn timber)
Microscopic inspection
Inoculation

Visual assessment (cross
sections)
Inoculation

Visual assessment (cross
sections)

Visual assessment (cross
sections)

Visual assessment (cross
sections / envelop surface)
inoculation

Visual assessment (cross
sections / envelop surface)
inoculation
ergosterol content (see.
Table 3)

Visual assessment (envelop
surface / face ends)

Visual assessment (lumber
surface)

Pick test acc. to EN
252:2015-01 (lumber
surface)

Visual assessment (envelop
surface / face ends)

Visual assessment (envelop
surface)

Boring trace count

Visual assessment
Microscopic inspection
Mycologic assessment

Wet storage — Sprinkling

Bio-chemical treatment
Foil storage
Wet storage — Sprinkling
Wet storage — Water storage
Bio-chemical treatment
Cold storage
Dry storage — Covered pile
Dry storage — Uncovered
pile
Foil storage — Swiss method
Foil storage — Baden-
Wirttemberg method
Wet storage — Sprinkling

Bio-chemical treatment
Dry storage — Uncovered
pile
Foil storage — Swiss method
Foil storage — Baden-
Wiirttemberg method
Wet storage — Water storage
Cold storage
Dry storage — Uncovered
pile
Foil storage — Swiss method
Cold storage
Dry storage — Covered pile
Dry storage — Uncovered
pile
Bio-chemical treatment
Foil storage — Baden-
Wiirttemberg method

Bio-chemical treatment
Foil storage — Baden-
Wirttemberg method
Foil storage — Swiss method
Wet storage — Sprinkling
Foil storage — Swiss method

Dry storage — Covered pile

Foil storage — Swiss method

Dry storage — Uncovered pile
Foil storage — Baden-
Wiirttemberg method
Wet storage — Sprinkling

Wet storage — Sprinkling

(Metzler 1994, GroB and Metzler 1995,
Schumacher and Grosser 1995, Grof3 et al. 1996,
Webber and Gibbs 1996, Metzler and Hecht
2004, Stuhlmann et al. 2012)

(Adolf et al. 1972, Aufsess et al. 1974, Bues 1986,
Webber and Gibbs 1996, Maier 2005,
Stuhlmann et al. 2012)

(Aufsess et al. 1974, Gottsche-Kiihn and Frithwald
1986, Grof3 and Liibbers 1992, Liukkoxs and
Elowsson 1999, Yang et al. 1999, Yang and
Rossignol 1999, Makeld et al. 2000, Makela et al.
2001, Persson and Elowson 2001, Makela and
Achren 2003, Lind et al. 2004a, Maier 2005,
Jonsson 2006, Morin et al. 2006, Beal et al.
2010, Dimou 2012, Rademacher and Hapla
2012, Jonsson 2012a, Bohm et al. 2023,
Michalec et al. 2024, Bohm et al. 2025,
Trautwein et al. 2026)

(Aufsess and Pechmann 1970, Gottsche-Kithn
and Friihwald 1986, Grof3 et al. 1993, Maier
2005, Rademacher and Hapla 2012, Brischke
and Wippermann 2022, Trautwein et al. 2025b,
Trautwein et al. 2026, 2026)

(GroB et al. 1993, Makela et al. 2000, Makela and
Achren 2003, Michalec et al. 2024)

(Mékela et al. 2000, Makela and Achren 2003,
Michalec et al. 2024)

(Metzler et al. 1993, Maier 2005, Brischke et al.
2020, 2021)

(Metzler et al. 1993, Bjurman and Viitanen 1996,
Maier 2005, Brischke et al. 2020, 2021)

(Rademacher and Hapla 2012)

(Trautwein et al. 2026)

(Rademacher et al. 2011)

(Webber and Gibbs 1996, Maier 2005, Bohm et al.
2025, Trautwein et al. 2026)

(Webber and Gibbs 1996, Riguelle et al. 2017)

visual assessment and delineation of cross-sections and envel-
ope surfaces, occasionally supported by microscopic confir-
mation or inoculation. Bacterial activity and mould fungi were
confined mainly to wet and foil storage, producing surface dis-
colouration and fermentation-like odour. These were recorded
visually or by microscopic and chemical analyses, including

indicators of bacterial metabolism.

Across all studies, observable effects including mycelial
development, discolouration, mass loss, odour, and insect
damage were paired with quantitative and qualitative assess-

ment methods such as visual

assessment, inoculation,

microscopy, or chemical and gravimetric analyses. These
results delineate the full range of biotic influences on spruce
log quality across wet, dry, cold, foil, live, ground, standing
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and bio-chemical storage types, establishing a consistent
empirical basis for subsequent categorisation of storage-
related quality indicators.

3.2.2. Chemical quality indicators

Chemical quality indicators describe changes in the chemical
composition and microchemical state of spruce roundwood
during storage and were addressed in a number of the
reviewed studies. Table 3 summarises the chemical quality indi-
cators identified in the reviewed studies, together with their
observable or measurable effects, applied analytical methods,
storage environments, and corresponding references.

Explicit assessments of chemical quality indicators focused
on both structural wood components and non-structural con-
stituents. Across the reviewed literature the sugar composition
(cellulose, hemicelluloses, holocellulose, starch) lignin, extrac-
tives, phenolic compounds, organic acids, and tannins were
analysed, together with enzyme activity, microchemical trans-
formation processes, and pH as integrative indicators of chemi-
cal degradation and microbial activity.

Alterations in carbohydrate composition were assessed pri-
marily through sugar and holocellulose analyses. Structural poly-
saccharides were investigated as baseline indicators of chemical
wood quality, while storage-related changes in sugar compo-
sition were quantified using chromatographic methods,

Table 3. Summary of chemical quality indicators occurring in spruce roundwood during storage, showing the corresponding visible or measurable effects, assessment
approaches, storage environments in which they were documented, and literature sources.

Quality indicator Observable effect Assessment method

Storage method References

Enzyme activity Oxygen
consumption
Oxidation-

Discolouration

UV/VIS-Spectroscopy

Ergosterol content HPLC
(proxy for Coniophora
puteana)

Ethanol content Photometric UV-test

Extractives content Brightness ASTM D1107-96
and
Anis et al. (1983, as cited in
Cabalova et al. 2021)
Lignin content HPLC
GC
Sluiter et al. (2012, as cited in
Cabalova et al. 2021)
Lipophilic compounds GC
Metal concentration Brightness Energy dispersive x-ray
(Ca, Fe, Mn) Bleachability fluorescence
Atomic absorption spectroscopy
Nitrogen content Kjeldahl method
Organic acid HPLC
concentration HPICE
GC
PH pH metre
Phenolic compounds Brightness UV-test
Bleachability Nutrient analysis (e.g. Sauvesty
et al 1992, as cited in Beal et al.
2010)
Sugar composition HPLC

Sugar analysis (e.g. acc. to Ward
and Deans (1993, as cited in Beal
et al. 2010) or

Seifert (1956, as cited in
Cabalové et al. 2021 and

Wise et al. (1946, as cited in
Cabalova et al. 2021))

Visual assessment
(Fluorescence) microscopy

Discolouration
Brightness

Tannin impregnation/
tannin leaching

Dry storage — Covered pile (Winter 2009)
Dry storage — Uncovered pile

Foil storage — Baden-

Wiirttemberg method

Wet storage - Sprinkling

Wet storage - Sprinkling (Bjurman and Viitanen 1996)

Bio-chemical treatment
Foil storage

Dry storage — Uncovered pile
Wet storage — Water storage

(Maier 2005)

(Dahm 1966, Fengel and Wegener 1988,
Cabalové et al. 2021, Hréka et al. 2022,
Cabalova et al. 2023)

Dry storage — Uncovered pile
Dry storage — Covered pile
Foil storage — Baden-
Wiirttemberg method
Wet storage - Sprinkling
Wet storage — Water storage

Dry storage — Covered pile
Dry storage — Uncovered pile
Foil storage — Baden-
Wiirttemberg method
Wet storage - Sprinkling

Dry storage — Uncovered pile
Wet storage - Sprinkling

(Fengel and Wegener 1988, Winter 2009,
Cabalové et al. 2021, Hreka et al. 2022,
Cabalova et al. 2023)

(Winter 2009)

(Persson and Lindeberg 2001)

(Beal et al. 2010)
(Bues angl Weber 1998, Maier 2005, Winter
2009, Cabalova 2025)

Dry storage — Uncovered pile

Bio-chemical treatment
Dry storage — Covered pile
Dry storage — Uncovered pile
Foil storage — Baden-
Wiirttemberg method
Foil storage — Swiss method
Wet storage — Sprinkling

Dry storage — Uncovered pile
Foil storage — Baden-
Wiirttemberg method

Dry storage — Uncovered pile
Wet storage — Water storage

(Bues and Weber 1998, Cabalova et al. 2023,
Cabalova 2025)

(Loras 1974, Beal et al. 2010)

Bio-chemical treatment
Dry storage — Uncovered pile
Dry storage — Covered pile
Dry storage — Uncovered pile
Foil storage — Baden-
Wiirttemberg method
Foil storage — Swiss method
Wet storage — Sprinkled
Wet storage — Water storage
Dry storage — Uncovered pile
Wet storage - Sprinkling

(Fengel and Wegener 1988, Bues and Weber
1998, Winter 2009, Beal et al. 2010,
Cabalova et al. 2021, Hreka et al. 2022,
Cabalova et al. 2023)

(GroB and Libbers 1992, Persson and
Elowson 2001, Jonsson 2004, Hildén et al.
2006)




including high-performance liquid chromatography (HPLC), high-
performance ion-exclusion chromatography (HPICE), and gas
chromatography (GC). These approaches were applied under
dry, foil, wet, and biochemical storage conditions to characterise
hydrolytic and oxidative degradation processes affecting cellu-
lose and hemicelluloses during prolonged storage.

Non-structural extractives and phenolic compounds were
mainly examined in relation to optical wood properties. Extrac-
tives content was determined using standardised solvent-
extraction methods and related analytical procedures, and
changes were linked to brightness loss and discolouration
under dry and wet storage conditions. Phenolic compounds
and tannins were analysed using photometric UV tests, nutrient
analyses, and microscopy-based approaches, including fluor-
escence microscopy, to explain chemically driven discolour-
ation and reduced bleachability in dry and wet-stored logs.

Several chemical indicators served as proxies for biological
activity. Ergosterol content, quantified by HPLC, was applied as
an indirect indicator of fungal biomass and susceptibility of
wet-stored logs to brown-rot fungi. Nitrogen content was ana-
lysed using the Kjeldahl-method to characterise nutrient avail-
ability and potential microbial activity in dry-stored and partially
debarked logs. Enzyme activity, expressed through oxygen con-
sumption and oxidation-related discolouration, was assessed
using UV/VIS-Spectroscopy as a marker of ongoing biochemical
reactions under dry, foil, and wet storage conditions.

Indicators associated with anaerobic or fermentation-related
processes were reported mainly for foil storage and biochemi-
cal treatments. Ethanol concentrations were measured using
photometric UV tests, while organic acid profiles were quan-
tified using HPLC, HPICE, and GC. These indicators reflect
microbial metabolism under oxygen-limited conditions and
changes in the chemical environment of stored wood. Shifts
in pH were measured using pH electrodes as integrative indi-
cators of chemical and microbial processes, particularly under
foil storage and dry storage conditions.

Inorganic constituents were considered in a small number of
studies. Metal concentrations, including calcium, iron, and
manganese, were analysed using energy-dispersive X-ray fluor-
escence and atomic absorption spectroscopy and were linked
to brightness and bleachability under dry storage and sprinkled
wet storage conditions.

Overall, chemical quality indicators complement biological
and physical indicators by capturing underlying transformation
processes that precede or accompany visible degradation,
thereby contributing to a comprehensive assessment of
spruce roundwood quality during storage.

3.2.3. Physical quality indicators
Physical quality indicators describe changes in the moisture
state, mass, structure, geometry, and mechanical performance
of spruce roundwood during storage and directly determine
its technical usability (Table 4). In contrast to biological and
chemical indicators, physical quality indicators capture both
reversible condition-related effects, such as moisture content,
and irreversible damage affecting mechanical integrity and
processing behaviour.

Moisture content was the most frequently assessed physical
indicator, reflecting its relevance for biological activity, drying
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behaviour, and weight-based log valuation. It was determined
either on a dry-mass basis (MCd) or a fresh-mass basis (MCf),
using gravimetric and electrical resistance methods, occasion-
ally complemented by discrete or continuous weighing to
achieve time series. In addition, one study (Beal et al. 2010)
expressed moisture content relative to the fully saturated
state (MCsat), reporting water content as a proportion of the
maximum saturation capacity rather than on a fresh- or dry-
mass basis. In one reference (Gro3 and Liubbers 1992), the
basis of moisture content is not apparent due to the abbre-
viated nature of the contribution. From the context and the
German term “Holzfeuchte”, it can be assumed that moisture
content on a dry-mass basis (MCd) is meant.

Mechanical performance indicators included bending
strength, compression strength, bark-wood shear strength,
modulus of elasticity (MOE), and work to fracture in bending.
Strength properties were assessed using standardised mechan-
ical tests (DIN 52185, DIN 52186) and quantified maximum
load-bearing capacity under different storage conditions. In
contrast, work to fracture in bending (DIN 52189) represents
an energy-based toughness parameter describing deformation
and fracture behaviour and was therefore treated as a distinct
indicator rather than a strength measure.

The MOE was determined both statically (three- or four-
point bending) and dynamically using the Impulse Excitation
Technique (IET, GRINDO SONIC). Dynamic MOE reflects small-
strain elastic behaviour and is systematically higher than
static MOE due to the exclusion of time-dependent defor-
mation. The non-destructive character of IET enabled repeated
measurements and was particularly suited for monitoring
storage-related stiffness changes.

Indicators of physical integrity and dimensional stability
included cracks and checks, curvature, twisting, and drying kin-
etics. Cracks and checks were widely used visual proxies for
mechanical integrity across dry, wet, cold, and foil storage
systems. Dimensional changes and drying behaviour were
quantified using optical scanning techniques and controlled
drying or soaking experiments, primarily to assess post-
storage processing performance.

Density and mass loss functioned as integrative indicators of
structural degradation. Density was determined using mass-to-
volume ratios and immersion methods across most storage
types, often in combination with visual decay assessments.
Gravimetric mass-loss tests were applied mainly under dry,
foil, and wet storage conditions to quantify biologically
induced material loss, although density changes may also
reflect moisture change or extractive loss.

Additional physical indicators related to transport properties
and morphology included permeability, soaking capacity, fibre
length and fibre width. Permeability and soaking capacity were
assessed primarily under wet storage conditions using permea-
meter measurements, stain tests, and vacuum-pressure water
uptake. Fibre dimensions, determined by automated fibre
analysis systems, revealed storage-related reductions in fibre
length and width, which are particularly relevant for pulp and
paper applications.

Overall, physical quality indicators encompass both techni-
cal damages, affecting strength, stiffness, fracture behaviour,
and permeability, and surface- or geometry-related changes,



8 (&) S.BOHMETAL.

Table 4. Summary of physical quality indicators occurring in spruce roundwood during storage, showing the corresponding visible or measurable effects, assessment
approaches, storage environments in which they were documented, and literature sources.

Observable
Quality indicator effect Assessment method Storage method References
Bending strength (static / DIN 52186 Dry storage — Uncovered pile (Adolf et al. 1972, Bues 1986, Gottsche-Kiithn and
dynamic) Four point bending test Foil storage — Baden — Friihwald 1986, Bues and Weber 1998, Riguelle
Wiirttemberg method et al. 2017)
Wet storage — Water storage
Compression strength DIN 52185 Dry storage — Uncovered pile (Adolf et al. 1972, Bues 1986, Gottsche-Kithn and
(parallel to grain / in Foil storage — Baden- Friihwald 1986, Bjurman and Viitanen 1996,
direction with the fibre) Wiirttemberg method Rademacher and Hapla 2012)
Foil storage — Swiss method
Wet storage - Sprinkling
Wet storage — Water storage
Cracks / checks (proxy for Visual assessment Bio-chemical treatment (Aufsess and Pechmann 1970, Aufsess et al. 1974,
good physical preservation (envelop surface / face Cold storage Steffen et al. 1995b, Mékeld et al. 2000, Maier
/ mechanical integrity) ends) Dry storage — Covered pile 2005, Stuhlmann et al. 2012, Riguelle et al. 2017,
Dry storage — Uncovered pile Michalec et al. 2024)
Foil storage — Baden-
Wiirttemberg method
Wet storage — Sprinkling
Wet storage — Water storage
Density Decay Mass to volume ratio Cold storage (Adolf et al. 1972, Bues 1986, Gottsche-Kiihn and
Rot Immersion method Dry storage — Uncovered pile Frihwald 1986, Bjurman and Viitanen 1996, Bues
Dry storage — Covered pile and Weber 1998, Mékeld et al. 2000, Lind et al.
Foil storage — Baden- 20043, Lind et al. 2004b, Rademacher et al. 2011,
Wiirttemberg method Rademacher and Hapla 2012, Riguelle et al. 2017,
Foil storage — Swiss method Hreka et al. 2022, Bohm et al. 2023, Cabalové et al.
Wet storage — Sprinkling 2023)
Wet storage — Water storage
Dimensional stability Broadside FRITS (“Freiburg’s Dry storage — Covered pile (Klaiber and Seeling 2002)
curvature Improved Timber Dry storage — Uncovered pile
Narrow side Scan”)
curvature
Twisting
Drying kinetics Oven dry method Dry storage — Uncovered pile (Liukkoxs and Elowsson 1999)
Wet storage — Sprinkling
Drying properties Drying and soaking Wet storage — Water storage (Bues 1986)
experiments under
controlled conditions
Modulus of elasticity Three point bending test  Dry storage — Uncovered pile (Adolf et al. 1972, Gottsche-Kiihn and Frihwald
Four point bending test Foil storage — Baden- 1986, Webber and Gibbs 1996, Rademacher and
Impulse Excitation Wiirttemberg method Hapla 2012, Riguelle et al. 2017)
Technique (IET) Foil storage — Swiss method
GRINDO SONIC Wet storage — Sprinkling
Wet storage — Water storage
Fibre length L & W Fiber Tester Wet storage — Sprinkling (Lind et al. 2004a, Cabalova et al. 2021, Cabalova
Dry storage — Uncovered pile et al. 2023, Cabalova 2025)
Fibre width L & W Fiber Tester Wet storage — Sprinkling (Lind et al. 2004a, Cabalova et al. 2021, Cabalova
Dry storage — Uncovered pile et al. 2023, Cabalovd 2025)
Impregnability Foil storage — Baden- (Riguelle et al. 2017)
Wiirttemberg method
Mass loss Decay Gravimetric mass-loss Dry storage — Covered pile (Bjurman and Viitanen 1996, Brischke et al. 2020,

Moisture content (dry weight
based)

Moisture content (fresh
weight based)

test

Electric resistence
method
Oven dry method

Oven dry method
Discrete weighing
Continuous weighing

Foil storage — Baden-

Wiirttemberg method

Foil storage — Swiss method

Wet storage - Sprinkling
Bio-chemical treatment

Dry storage — Uncovered pile

Dry storage — Covered pile

Foil storage — Baden-

Wiirttemberg method

Foil storage — Swiss method

Wet storage — Sprinkling

Wet storage — Water storage;

Cold storage
Dry storage — Covered pile
Dry storage — Uncovered pile
Dry storage — debarked
Dry storage - partly debarked
Foil storage — Baden-
Wiirttemberg method
Foil storage — Swiss method
Wet storage — Sprinkling

2021, Hrcka et al. 2022)

(Aufsess and Pechmann 1970, Adolf et al. 1972,
Aufsess et al. 1974, Bues 1986, Gottsche-Kiihn and
Frithwald 1986, Gro3 and Liibbers 1992, GroR3
et al. 1993, Webber and Gibbs 1996, Bues and
Weber 1998, Metzler and Hecht 2004, Maier 2005,
Nicholls and Brackley 2009, Winter 2009,
Rademacher et al. 2011, Rademacher and Hapla
2012, Stuhlmann et al. 2012, Brischke et al. 2020,
Hrcka et al. 2022, Trautwein et al. 2026)

(Bjurman and Viitanen 1996, Liukkoxs and Elowsson
1999, Makela et al. 2000, Makela et al. 2001,
Persson and Elowson 2001, Klaiber and Seeling
2002, Persson et al. 2002, Jonsson 2004, Makela
2004, Lind et al. 20044, Lind et al. 2004b, Jonsson
2006, Roser et al. 2011, Murphy et al. 2012,
Jonsson 2012a, Riguelle et al. 2017, Béhm et al.
2023, Cabalov4 et al. 2023, Béhm et al. 2025)

(Continued)
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Observable

Quality indicator effect Assessment method Storage method References
Moisture content relative to Oven dry method Dry storage — Uncovered pile (Beal et al. 2010)

the fully saturated state
Permeability PMB permeameter Wet storage — Sprinkling (Adolf et al. 1972, Bjurman and Viitanen 1996)

Stain test

Porosity Wet storage — Sprinkling (Webber and Gibbs 1996)
Soaking capacity (proxy for Vacuum-pressure water Wet storage — Water storage (Bues 1986)

permeability) uptake
Work to fracture in bending DIN 52189 Bio-chemical treatment (Adolf et al. 1972, Gottsche-Kihn and Friihwald

Dry storage — Uncovered pile 1986, Maier 2005, Rademacher and Hapla 2012)
Foil storage — Baden-

Wiirttemberg method

Foil storage — Swiss method

Wet storage — Water storage

such as cracking and deformation. Together, they provide a
concise yet comprehensive framework for evaluating the phys-
ical consequences of different spruce roundwood storage
strategies.

3.2.4. Grading systems as integrative quality assessment
frameworks

In addition to the biological, chemical, and physical indicators
described above, roundwood grading systems provide an oper-
ational framework for assessing wood quality in a market
context. Systems such as the German RVR (Deutscher For-
stwirtschaftsrat and Deutscher Holzwirtschaftsrat 2024) and
the Austrian OHU (Fachverband der Holzindustrie Osterreichs),
as well as standardised measurement and classification frame-
works applied by Biometria (2019) in Sweden, translate obser-
vable quality indicators into quality classes used for trade and
processing. Comparable systems exist in other countries,
reflecting region-specific market structures and industrial
requirements. At the European standardisation level, standards
such as (DIN EN 1927-1) provide general rules for the visual
classification of softwood roundwood, but play a comparatively
minor role in operational grading practice.

These grading approaches aggregate multiple visible attri-
butes such as dimensions, form, and defects including dis-
colouration, rot, or mechanical damage into simplified classes
representing end-use suitability. As such, they constitute the
practical interface between wood condition and economic
value. However, grading systems are inherently outcome-
based and rely on visually assessable features at the time of
measurement. Regarding the reviewed literature, a number of
studies reported on the assigned roundwood quality classes
according to the RVR (Rademacher and Hapla 2012, Brischke
and Wippermann 2022, Trautwein et al. 2025b, Trautwein
et al. 2026) and quality classes of lumber (Rademacher and
Hapla 2012, Trautwein et al. 2026).

3.3. Storage and its effects

3.3.1. Process conditions governing quality development
during storage

Roundwood quality development is governed by storage con-
ditions, which can be characterised by key process variables
describing the storage environment. Key variables include
oxygen availability (directly measured or inferred from carbon

dioxide concentrations; e.g. Winter 2009, Rademacher et al.
2011, Rademacher and Hapla 2012, Brischke et al. 2020, 2021,
Brischke and Wippermann 2022), temperature (e.g. Murphy
et al. 2012, Bdhm et al. 2023, Bohm et al. 2025, Trautwein
et al. 2025b, Trautwein et al. 2026), and moisture availability
(e.g. Beal et al. 2010, Murphy et al. 2012, Bohm et al. 2023).
These variables jointly control biological activity and physico-
chemical transformation processes in stored wood.

For example, oxygen depletion under airtight foil storage
suppresses fungal and insect metabolism, while low tempera-
tures in cold storage inhibit biological activity. Moisture avail-
ability, often expressed through derived variables such as
equilibrium moisture content or vapour pressure deficit, requ-
lates both fungal colonisation potential and drying dynamics.

These process conditions do not constitute quality indi-
cators themselves but determine the rate and direction of
quality change, thereby providing a mechanistic link between
storage conditions and observable quality changes and
grading outcomes.

3.3.2. Dry storage

Dry storage comprises roundwood storage systems without
active humidification and includes both, uncovered Dpiles
exposed directly to ambient weather conditions and covered
piles in which precipitation and solar radiation are partially
excluded while air exchange remains largely unrestricted.
Storage proceeds under aerobic conditions, permitting oxi-
dative and microbial degradation. Covered piles may range
from stacks protected only on the upper surface by tarpaulins
to simple roof systems designed to accelerate drying, as well
as storage in open-sided sheds or indoor facilities. These var-
iants differ mainly in ventilation intensity and degree of
environmental exposure, which govern temperature and
moisture dynamics and, consequently, biological activity.

In addition to these basic storage variants, a range of tech-
nical measures and handling specifications can be applied
within dry storage systems to mitigate wood quality deterio-
ration. These include the use of support logs or sleepers to
elevate log piles from the ground and reduce moisture
uptake, as well as partial or complete debarking or bark
gouging to limit bark beetle colonisation and associated
fungal infection. Furthermore, pile geometry and formation,
such as cross-layered stacking or increased spacing between
logs, can enhance air circulation and promote more uniform
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drying. While these measures do not alter the fundamentally
aerobic nature of dry storage, they can influence microclimatic
conditions within the pile and thereby delay biological degra-
dation processes.

Prolonged exposure under aerobic conditions leads to
gradual physicochemical and biological changes in spruce
wood. Wood extractives, including terpenes, fatty acids, and
phenolic compounds, decline during storage through volatilis-
ation, oxidation, and microbial metabolism (Winter 2009).
These losses are influenced by storage conditions, with rates
dependent on temperature and surface exposure, which
affect drying behaviour and susceptibility to discolouration
(GroB and Lubbers 1992, Winter 2009).

Chemical analyses revealed that calcium and iron concen-
trations declined in dry-stored spruce after three months,
reflecting leaching and surface oxidation, whereas wet-stored
logs accumulated manganese from irrigation water (Persson
and Lindeberg 2001). Similar patterns of weathering-related
element loss were observed by Gottsche-Kiihn and Friihwald
(1986) after yard storage in polluted areas of Germany.

Sirvio et al. (2012) further demonstrated that outdoor
summer storage of spruce logs leads to chemical darkening
and loss of pulp brightness in thermo-mechanical pulping.
Increased formation of oxidised extractives required 8-10 kg
more peroxide per BDt of pulp to reach roughly 75% ISO bright-
ness compared with fresh wood, confirming substantial oxi-
dative modification of the extractive fraction during dry
storage.

Hemicellulose emerged as the most labile wood com-
ponent, with relative losses increasing with storage duration,
measured as saccharide content. By contrast, cellulose
showed minimal change, while lignin content remained
stable in both investigations. pH measurements confirmed
acidification during storage, though organic acids (acetic and
formic) were not detected in outdoor conditions, likely due to
volatilisation (Cabalové et al. 2021, Cabalové et al. 2023).

Complementary spectroscopic and morphological analyses
revealed progressive surface changes in air-dried spruce,
together with gradual changes in lignin and extractive compo-
sition (Cabalova et al. 2021, Cabalové et al. 2023, Cabalova
2025). These findings align with earlier reports of colour altera-
tion and metal leaching during extended exposure (Gottsche-
Kihn and Frihwald 1986, Persson and Lindeberg 2001) and
collectively indicate that oxidative, moisture-dependent pro-
cesses govern the long-term degradation of spruce wood
stored under dry, aerobic conditions, which could potentially
reduce strength (Cabalova et al. 2023).

Moisture content evolution during storage follows distinct
patterns depending on environmental exposure and protective
measures. In unprotected dry storage, freshly felled spruce logs
(initial sapwood moisture ~140-180% MCd, heartwood ~40-
60% MCd) undergo progressive desorption (Klaiber et al.
2002, Klaiber and Seeling 2002, Nicholls and Brackley 2009).
Sapwood in Sitka spruce (Picea sitchensis (Bong.) Carriére) con-
tains approximately 3.5 times higher initial moisture content
than heartwood (142% vs. 41% MCd) (Nicholls and Brackley
2009) and exhibits substantially higher permeability, resulting
in different drying rates between sapwood and heartwood
zones (Avramidis et al. 2023). Murphy et al. (2012) developed

a predictive model for Sitka spruce in off-forest environment
incorporating cumulative rainfall, evapotranspiration, initial
moisture content and type of cover, achieving accurate
drying rate predictions down to measured MCf values of 30%.

Hrcka et al. (2022) measured dry-matter losses of approxi-
mately 5-6% yr™' (4.5% after six months of indoor storage) in
air-dried spruce roundwood, attributed primarily to hemicellu-
lose degradation. Roser et al. (2011) likewise observed a
decrease in equilibrium moisture content and minor mechan-
ical softening after up to 12 months of natural air-drying.
However, there is evidence that unprotected wood storage
for several months did not lead to significant reduction in
mechanical properties (Gottsche-Kiihn and Frithwald 1986), or
adversely affected the dimensional stability (warp and twist)
of the resulting sawn timber due to uncontrolled pre-drying
during storage (Klaiber and Seeling 2002).

3.3.2.1. Unprotected piles and roadside storage. Roadside
and open-yard storage are widespread because of their simpli-
city but rapidly lead to wood deterioration if storage extends
into growing season. Studies on unprotected forest storage
of spruce roundwood over several months document that dis-
colouration from fungal activity occurs early (Géttsche-Kiihn
and Frihwald 1986). In Nordic studies, exposed top logs of
spruce piles lost more than 1% moisture (MCf) per day during
early summer, while shaded logs dried substantially slower
(Persson et al. 2002). Under controlled exposure experiments,
spruce generally exhibited lower sap-stain intensity than pine
or larch, with first visible discolouration after approximately
4-6 weeks, confirming its comparatively moderate suscepti-
bility among conifers (Beal et al. 2010). Fungal colonisation
intensified once average moisture content dropped below
roughly 50% (MCf).

Under central-alpine conditions, Bohm et al. (2023) demon-
strated in log storage trials that blue-stain onset was delayed to
80-100 days in logs felled in March but occurred within two
weeks in logs harvested in June. The proportion of stained
area correlated strongly with cumulative temperature, confi-
rming temperature as an important driver of biological degra-
dation under dry storage. Moisture content had only a minor
effect compared with thermal exposure. Earlier investigations
under Nordic and Mediterranean conditions support this
pattern. In Sweden, blue-stain appeared after approximately
8 weeks (Persson and Elowson 2001), while in northern
Greece visible blue-stain and red-streaks developed within
10-14 days on freshly summer-felled spruce (Dimou 2012).
Winter felling in Greece substantially restricts fungal infection,
maintaining logs at minimal or zero infestation levels for
several months (Dimou 2012). These findings demonstrate
that climate, particularly temperature and exposure, deter-
mines the duration of safe dry storage, whereas initial moisture
or bark condition are of secondary importance.

Similar patterns can be observed with decay fungi. Pulp-
wood remains fundamentally resistant to fungal rot colonisa-
tion during winter storage (November-April), but undergoes
rapid and accelerating defect accumulation once temperatures
rise in late spring (May onwards). This temperature-driven
pattern is consistent across all tree species (spruce, pine,



birch) and geographic regions studied (Finland, Estonia, Latvia)
(Méakela et al. 2000).

3.3.2.2. Whole-tree and forest-side storage. Klaiber and
Seeling (2002) analysed combined whole-tree and subsequent
log-pile storage of spruce under natural drying conditions in
Sauerland (Germany). Despite up to 155 days of whole-tree
and 313 days of log storage in a pile, MCf decreased by
about 18%, and no statistically significant differences were
detected in the dimensional stability of the resulting kiln-
dried timber. Average twist and bow values (approx. 2 cm / 2
m and 04-05 cm / 2 m, respectively) remained within
normal variability. The authors concluded that pre-drying
spruce roundwood in forest conditions provides no measurable
advantage for later wood quality and may even risk biological
degradation if extended into warm seasons.

3.3.2.3. Bark condition and debarking. Bark condition influ-
ences both drying rate and biological activity. Logs stored
with intact bark retain higher moisture and experience less
cracking, whereas debarked logs dry faster but are more sus-
ceptible to surface checking after 6-10 weeks (Jonsson 2012a).

Early Finnish observations already indicated that mechanical
delimbing damage predisposes spruce logs to cracking and
local blue-stain during subsequent short-term storage
(Médkeld and Pennanen 1980). Although not a controlled
storage experiment, the findings support later reports on the
role of bark and cambium integrity in determining storage per-
formance. Bark remains adherent for 2-6 months post-harvest,
with adhesion strength declining as cambial tissues dry and
decompose. Logs intended for mechanical debarking benefit
from 1-4 weeks of dry storage to reduce cambial moisture
and bark adhesion, facilitating clean bark removal (Liukkoxs
and Elowsson 1999).

Liukkoxs and Elowsson (1999) reported that spruce pulp-
wood with extensive bark damage (approx. 70% of bark
removed) and an initial MCf of 52.0% dried markedly faster
than logs with only minor bark loss (approx. 15% of bark
removed) and an initial MCf of 54.8%. In the heavily damaged
logs, outer-sapwood moisture content dropped below the criti-
cal 50% threshold, beyond which susceptibility to staining
fungi and brightness loss increases, after approximately four
weeks of dry storage. In contrast, the low-damage material
required roughly eight weeks to reach the same level. Nicholls
and Brackley (2009) examined outdoor vs. indoor air-drying of
Sitka spruce logs in southeast Alaska, documenting that bark
presence significantly influences drying rates, with debarked
logs stored indoors showing the fastest drying.

Bohm et al. (2025) provided detailed insight into the effects
of processor-debarking on spruce log quality under alpine con-
ditions. In repeated trials, processor-debarked logs showed
delayed blue-stain onset during the first few weeks of storage
in comparison to bark-covered logs. Debarking significantly
reduced blue-stain discolouration and led to fewer insect
entry holes, particularly from I. typographus and T. lineatum.
Similar tendencies have been observed in other climatic
regions. In northern Greece, Dimou (2012) reported that
debarked spruce logs developed significantly less blue-stain
discolouration than bark-covered ones during the first 10-14
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days after felling, although they also dried faster and exhibited
more surface cracks. These observations underline that bark
removal mitigates fungal colonisation across a wide climatic
range but accelerates drying-related mechanical changes.
However, for long-term storage exceeding half a year, the
effect reversed, and more intensive blue-stain was found on
the debarked logs (B6hm et al. 2025). Debarked logs also dis-
played more pronounced cracking, likely due to steeper moist-
ure gradients during drying. These results show that debarking
effectively limits fungal and insect colonisation in the short
term but increases the risk of defects during extended dry
storage.

Beyond wood-quality aspects, recent research has high-
lighted the pest-control and ecological implications of bark
modification. It has been demonstrated that mechanical
debarking reduces I. typographus breeding systems by 95-
100% and nearly eliminates T. lineatum colonisation in southern
Germany (Zarges et al. 2024). Comparable observations were
made by Bohm et al. (2025) under alpine conditions. These
results show, the efficacy of this measure, particularly when
applied during peak insect flight periods. Thorn et al. (2016)
and Zarges et al. (2023) further showed that partial bark
scratching - a selective removal of outer bark — can suppress
beetle emergence by 96-99.9% while maintaining habitats
for saproxylic species, offering a practical compromise
between economic and ecological objectives.

3.3.2.4. Covered piles and engineered dry conservation. Cov-
ering piles with tarpaulins or simple roofs moderates rainfall
and UV exposure without restricting air exchange. These
systems represent an intermediate stage between fully open
and foil-sealed storage. If positioned on well-drained, venti-
lated ground, such coverings can stabilise moisture and
reduce surface greying but do not prevent fungal colonisation
once temperatures are within a range favourable for fungal
activity.

Engineered dry conservation aims to accelerate drying
below fungal tolerance thresholds while minimising cracking.
German field trials in the 1990s established technical standards
for conifers, including spruce (Anonymous 1995, Steffen et al.
1995a, 1995b). Fresh, healthy, preferably debarked logs were
stacked as ventilated layered pile in sun-exposed yards. After
12 months, moisture content averaged 15-22% (MCd),
surface checking was limited to <4 mm width and < 7 cm
depth, and blue-stain occurred on < 5% of surfaces. Bending
and compression strengths remained unchanged compared
with freshly sawn material. The process required no water-man-
agement permits and produced half-dry saw logs suitable for
immediate processing. Reported total costs of approximately
20 DMm™ (10.23 € m~, fixed euro conversion) including trans-
portation, piling, material and maintenance (Steffen et al.
1995b), were about 10-50% lower than typical costs for wet
storage. Key risk factors included unfavourable weather and
poor pile ventilation; dense heap piles were discouraged
because inner layers remained wet and susceptible to stain.
Complementary studies in Finland confirmed similar behaviour
of dry-stored spruce pulpwood: when covered and ventilated,
quality remained stable through winter, but rapid summer
drying caused checking and stain if surface moisture fell
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below 20% (MCf) (Makela et al. 2000, Makela 2004). While dry
storage can maintain the usability of spruce roundwood over
extended periods, quality losses due to fungal degradation,
staining and insect infestation still occur, with damage often
confined to the outer stem zones and strongly influenced by
the initial moisture content of the logs (Trautwein et al. 2026).

3.3.3. Wet storage

While dry storage takes place under aerobic conditions that
allow oxidative and microbial degradation, wet storage
methods rely on the reduction or exclusion of oxygen to sup-
press such processes. Under these conditions, only a few facul-
tative anaerobic microorganisms remain active, none of which
significantly affect wood integrity (Aufsess et al. 1974, Bjurman
and Viitanen 1996). This principle forms the basis of both wet
and foil storage, in which oxygen depletion is achieved either
through water saturation or airtight enclosure.

Fresh spruce wood is well suited for wet storage due to its
moderate density, and low extractive content, which allow
uniform moisture distribution and reduce leaching of organic
compounds (Malan 2004, Jonsson 2012a). Compared with
more resinous conifers such as pine, spruce is less susceptible
to staining and bacterial degradation, while its low resin
content limits environmental impacts from runoff. These
characteristics make spruce particularly suitable for long-term
wet storage, allowing effective preservation of wood quality
with minimal biological or chemical deterioration.

3.3.3.1. Sprinkling. Wet storage by sprinkling is considered
one of the most effective methods for preserving roundwood
quality in Central Europe (Peek and Liese 1977, Anonymous
2002, Lind et al. 2004a, Anonymous 2006, 2019, 2020b). Evi-
dence of its application to spruce wood in Germany dates
back to the 1960s (Aufsess and Pechmann 1970, Aufsess et al.
1974). In this method, irrigation systems are installed in wood-
yards to maintain high moisture content by continuous or
intermitted sprinkling log piles with water. Sustained moisture
effectively prevents insect infestation and fungal colonisation.
Under dry storage conditions, blue-stain developed within
approximately eight weeks, whereas sprinkling effectively pre-
vented its occurrence However, sprinkled logs showed
increased brown surface discolouration from iron and tannin
reactions (Persson and Elowson 2001). In Addition, sprinkling
prevents surface checking and crack formation and thereby
preserves mechanical strength (Aufsess et al. 1974, Webber
and Gibbs 1996, Jonsson 2004).

Sprinkling maintains logs at or above fibre saturation (typi-
cally 145-180% MCd in sapwood, 35-50% MCd in heartwood
(Webber and Gibbs 1996)), effectively preventing moisture
loss and associated shrinkage below the fibre saturation
(Aufsess et al. 1974, Jonsson 2004). Webber and Gibbs (1996)
reported that continuous irrigation, operated almost 24 h per
day, maintained very high moisture contents in Sitka and
Norway spruce logs for various storage periods ranging from
6-36 months, effectively preventing fungal stain and most
storage-related degrade.

Liukkonen and Elowsson [53] demonstrated that climate-
adapted sprinkling can stabilise or even increase the moisture
content of spruce logs only when applied before moisture

content drops below approximately 50% (MCf). Logs entering
wet storage within two to four weeks after felling maintained
moisture contents close to 60% and showed a more homo-
geneous moisture distribution, confirming the importance of
early transfer to wet storage. Once MCf had fallen below
about 50%, subsequent climate-controlled wet storage did
not meaningfully increase moisture content, indicating that
reduced permeability had already limited rewetting.

Aufsess and Pechmann (Aufsess et al. 1974) showed that the
moisture content of sprinkled wood stored for two years
remained consistently high and occasionally exceeded 200%
(MCd), comparable to that of wood stored fully submerged in
water (Aufsess and Pechmann 1970). Superficial discolouration
from tannin impregnation or blue stain typically penetrated
only up to 20 mm into the sapwood and did not affect the
value of sawn timber, as these outer sections are usually
removed as slabs or chips during sawing (Aufsess et al. 1974).

GroB and Liibbers (1992) reported, that when irrigation
ceased and the wood began to dry, discolouration due to
tannin leaching occurred within two days, and blue-stain
fungi developed within approximately 15 days (Grofl and
Libbers 1992). Hildén et al. (2006) showed that bark-derived
tannins during wet storage accumulate preferentially on pit
membranes rather than throughout cell interiors, suggesting
spatially limited discolouration. Decay caused by the brown-
rot fungus C. puteana was delayed in previously wet-stored
wood, as indicated by lower ergosterol concentrations and
reduced mass loss likely due to reduced availability of non-
structural carbohydrates and moisture-related limitations to
gas exchange (Bjurman and Viitanen 1996).

A fermentation-like odour, attributed to bacterial activity,
was reported from sprinkled piles, and timber sawn from
wet-stored logs reportedly exhibited faster drying than
freshly cut wood (Aufsess et al. 1974). A possible explanation
could be increased permeability caused by bacterial degra-
dation of the bordered pit membranes (Bjurman and Viitanen
1996).

Periodic inspections of sprinkled spruce wood indicated that
colonisation by Armillaria spp. may occur after approximately
three years of storage (Metzler 1994, Grof3 and Metzler 1995,
GroRB et al. 1996). Similar findings from a survey of 42 storage
sites in Bavaria suggested that Armillaria spp. infestation typi-
cally develops after four years (Schumacher and Grosser
1995). The damage was confined to the sapwood, primarily
affecting bark-covered logs in the inner sections of piles
located below elevations of 1000 m a.s.l. Nevertheless, only a
minor proportion of wet-stored logs were reportedly con-
sidered damaged by buyers (Grof3 and Metzler 1995, Grof3
et al. 1996). Fungal penetration remained confined to the
sapwood and showed considerable spatial variability,
whereas reductions in mechanical strength occurred only in
strongly discoloured and decayed sections (Schumacher and
Grosser 1995).

The ability of Armillaria spp. to colonise highly water-satu-
rated sapwood (moisture content >150% MCd) has been attrib-
uted to the formation of tubular air channels that connect to
the outer surface, facilitating oxygen diffusion several centi-
metres into the wood (Metzler 1994, Metzler and Hecht
2004). This structural adaptation enables the fungi to maintain



aerobic metabolism and degrade wood tissues even under
waterlogged conditions (Metzler and Hecht 2004). The
reviewed literature further suggests that water quality may
influence the occurrence of Armillaria spp. colonisation,
although this assumption is based on professional observations
rather than controlled experimental evidence (Anonymous
2002, Oberkobler 2002).

Wet storage by continuous sprinkling is associated with high
technical complexity and significant water demand, particularly
in industrial log yards where large timber volumes are main-
tained over extended storage periods (Jonsson 2004). Excess
irrigation increases operational costs and may promote bac-
terial activity and tannin leaching, whereas adaptive,
weather-controlled systems reduce water use by up to 70%
(Lind et al. 20044, Lind et al. 2004b, Anonymous 2019).

Runoff from wet storage typically contains organic carbon,
phenols, and nutrients, posing risks of oxygen depletion and
eutrophication (Jonsson 2004, Jonsson 2012a). Pollutant
release can be mitigated through debarking, closed water recir-
culation, or vegetated filter systems, which remove up to 95%
of organic carbon and phosphorus (Jonsson 2004, Jonsson
2006, Jonsson et al. 2006). Modular installations with integrated
filtration and climate-responsive irrigation enable rapid deploy-
ment after disturbance events and minimise external water use.
Estimated costs range from 18 to 26 € per m® for 24 months of
operation (Stuhlmann et al. 2012). Experiences from Germany
and Britain demonstrate that wet storage is technically
effective but economically and environmentally feasible only
at accessible, large-scale sites with reliable water resources
and coordinated management (Webber and Gibbs 1996, Anon-
ymous 2020b).

3.3.3.2. Water storage. With only five, there were substantially
less studies found, which evaluated the quality of spruce
roundwood that was stored submerged in a body of water
(Aufsess and Pechmann 1970, Adolf et al. 1972, Loras 1974,
Bues 1986, Fengel and Wegener 1988).

In one of the referred cases (Aufsess and Pechmann 1970),
between 80 and 100 stems were tied to single-layer rafts to
facilitate management and maintenance in the pond. The unin-
tended multi-layering of stems that were not tied to rafts, but
were instead left to float freely, caused some stems to be
insufficiently submerged. This rendered the quality-preserving
potential of the wet storage ineffective for these stems.
Spruce wood that had been sufficiently submerged for two
years showed no signs of deterioration due to fungal attacks.
Furthermore, there were no cracks or insect infestations and
structural integrity was preserved. Investigations showed that
the previously wet-stored wood was more susceptible to
fungal infection during subsequent natural drying in the
forest, than freshly felled wood. More blue-stain and red-
streak discolouration was observed. However, it should be
noted that fungal infection that took place prior to the wet
storage could not be ruled out (Aufsess and Pechmann 1970).

Bues (1986) tested properties of spruce wood that was for-
gotten in a pond for 17 years. Discolouration on the cross-sec-
tions and the stem surface reached only a few millimetres into
the wood. The compression and bending strengths of the
wood decreased by 20% and 6%, respectively, compared to
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freshly cut spruce wood of a similar raw density. However, it
should be noted that the measured values from the freshly
cut wood were considerably higher than common mean
values, according to DIN 68364. This is in line with results
from Efransjah et al. (1989), who reported minimal changes in
MOE and bending strength when moisture levels are
sufficiently maintained during storage periods of several
months. Similar trends were observed by Adolf et al. (1972),
who reported that spruce wood subjected to three years of
water storage remained largely free of visible degradation,
while mechanical properties were only moderately reduced
(approximately 10-15%), with changes primarily confined to
the outer sapwood.

Chemical analysis of the 17 year pond stored wood revealed
that the sugar composition was not altered greatly with cellu-
lose and hemicellulose content remaining largely unchanged
and the lignin degradation was about 6% (Fengel and
Wegener 1988). The material exhibited improved permeability
(enhanced drying and impregnation properties) attributable to
bacterial action, yet this functional modification occurred
without detectable degradation of cell wall polysaccharides
and mechanical strength properties remained within the
natural variation range of fresh forest wood.

The moisture content was similar to that of freshly felled
spruce timber. There was also evidence that small parts of
bark-covered stems reaching out of the water did not dry out
(Aufsess and Pechmann 1970). Spruce sapwood that has
been stored in water shows increased drying and soaking
rates compared to freshly cut wood. One possible explanation
for this is that diffusion through the bordered pits is easier due
to increased bacterial degradation (Aufsess and Pechmann
1970, Adolf et al. 1972, Bues 1986).

3.3.4. Foil storage

Following the severe storm events Vivian and Wiebke (1990),
which caused extensive damage across Central Europe, particu-
larly in Germany, alternative methods for the interim storage of
spruce roundwood were evaluated in the early 1990s. In
addition to purely chemical treatments such as face-end
sealing with various substances, the covering of log piles with
polyethylene foil was tested (Grof3 et al. 1993).

In contrast to water-based systems, foil storage achieves
similar anaerobic conditions through airtight encapsulation
rather than continuous irrigation or submersion. Experimental
studies have shown that when oxygen levels within the
storage environment fall below approximately 2%, fungal and
insect metabolism ceases, while carbon dioxide accumulation
from microbial and wood respiration stabilises the low-
oxygen atmosphere (Metzler et al. 1993, Maier 2005, Riguelle
et al. 2017).

Two design variants became established: (1) the Baden-
Wirttemberg method, featuring a fully enclosed system with
a ground foil, and (2) the Swiss method, in which the pile
remains open toward the soil. Only the sealed Baden-Wirttem-
berg design maintained stable anaerobic conditions and effec-
tively suppressed degrading fungi (Metzler et al. 1993, Maier
2005, Geibler and Scholz 2008, Rademacher et al. 2011, Rade-
macher and Hapla 2012, Brischke et al. 2020, 2021).
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Early trials, testing the Swiss method, examined the devel-
opment of wood moisture content and discolouration caused
by blue-stain and red-streak fungi (GroB et al. 1993). Although
the foil covering maintained a high moisture content (approx.
130% MCd), disadvantages were observed with respect to dis-
colouration and decay. In piles that were not chemically
treated, the wood moisture content even increased, indicating
enhanced exchange processes between the wood and the sur-
rounding atmosphere under the foil cover. As no foil layer was
placed between the ground and the pile, additional moisture
may have emerged from the soil into the covered pile.

In the experiments by Metzler et al. (1993), the use of a
bottom foil combined with generous overlap of the cover foil
created an almost gas-tight enclosure that effectively main-
tained the internal pile atmosphere. The test piles were
gassed with either CO, or Ny, while one pile was wrapped in
foil without gassing and another was stored without foil.
Additionally, freshly cut spruce logs served as a control.
Measurements showed that the oxygen concentration within
the gassed piles declined to between 0.8 and 7.8%, while the
wood moisture content remained high (up to 154% MCd).
The treatment with CO; resulted in the lowest oxygen levels
and was associated with the lowest fungal activity, confirming
the effectiveness of low-oxygen storage under foil.

Later studies demonstrated that similar anaerobic con-
ditions could be achieved without active gassing. Double-
sealed PE-foil constructions led to rapid oxygen depletion
due to microbial and wood respiration, accompanied by CO,
accumulation (Bues and Weber 1998, Schiler and Wurster
2001, Maier et al. 2002, Maier 2005). Living parenchyma cells
in freshly cut or storm felled wood use up the residual
oxygen in a foil covered pile and reduce it down to a level
that is sufficient to prevent fungal activity (Brischke and Wip-
permann 2022).

Long-term investigations confirmed that anaerobic storage
has no negative impact on the physical or mechanical wood
properties. Maier (2005) found that anaerobic conditions pre-
vented fungal and bacterial cell wall degradation, maintaining
original cellular architecture. However, instances of inadequate
0, exclusion in beetle-killed wood with compromised bark per-
mitted oxygen-tolerant fungi (i.e. T. versicolor) to degrade
wood, though the specific degradation mechanisms at the
cell wall level were not examined (Brischke et al. 2020). Riguelle
et al. (2017) reported stable oxygen concentrations below 1%
and CO; around 15% after 57 months of storage. MOE, static
bending strength (MOR), impact bending strength and colour
remained comparable to freshly cut reference logs, while
surface moulds were restricted to the bark. Under these con-
ditions, spruce wood could be preserved for several years
without measurable quality loss (Riguelle et al. 2017). Similarly,
Rademacher and Hapla (2012) reported well-preserved mech-
anical properties in logs stored under foil for approximately
30 months. Moreover, moisture dynamics is clearly reduced.
Fresh sapwood (typically 140-180% MCd or higher) and heart-
wood maintaining high moisture content without external
drying stress, thereby avoiding checking while preserving pro-
cessing suitability (Maier 2005). Furthermore, properly exe-
cuted foil storage under low oxygen atmosphere prevents
mass loss (Bues and Weber 1998). This was confirmed by

Riguelle et al. (2017), who reported no significant density
changes in anaerobically stored spruce logs over 57 months.

Practical experience from operational applications further
substantiated the method’s reliability. Monitoring of foil-
covered piles in Lower Saxony revealed oxygen depletion to
nearly 0% within days and CO, accumulation up to 56%
within months, with wood quality remaining within good B/C
sawlog quality grades according to the framework agreement
for the raw timber trade in Germany (RVR) (Deutscher For-
stwirtschaftsrat and Deutscher Holzwirtschaftsrat 2024) even
after several years of storage (Brischke and Wippermann
2022). However, quality losses occurred where the foil was
damaged, emphasising the importance of airtightness. Similar
results were reported from long-term trials in North Rhine-
Westphalia, where spruce wood stored for up to five years
under sealed foil retained structural quality suitable for con-
struction (Anonymous 2020c, 2021, 2024).

In parallel, fumigation approaches have been evaluated to
combine conservation and pest control. Hnatek et al. (2021)
tested Ethanedinitrile (EDN) fumigation of spruce logs under
PE-foil and demonstrated that a bottom foil was crucial for
maintaining sufficient gas retention and achieving effective
concentration-time products. Without a ground layer, EDN
concentrations declined up to fivefold faster, substantially
reducing efficacy.

According to Mihlhausen (2008a, 2008b) the quality of
piling plays a decisive role in the effectiveness of foil storage.
Logs should be of uniform length, straight, and free from pro-
truding branches to allow dense stacking with minimal voids
between them. A compact and stable pile reduces air
pockets, ensures even microclimatic conditions, and prevents
the ingress of oxygen, which is essential for maintaining an
anaerobic environment under the foil. Proper pile formation
thus enhances the preservation effect, reduces the risk of
fungal colonisation, and contributes substantially to maintain-
ing wood quality throughout the storage period.

From an operational perspective, the success of PE-foil
storage depends primarily on airtight sealing, protection from
mechanical damage, and regular monitoring of gas concen-
trations. The use of UV-stabilized multilayer foils and careful
handling during pile formation are essential to prevent leaks
that could lead to oxygen ingress and fungal growth (Brischke
et al. 2020, Anonymous 2020a, Hauschild 2021, Brischke and
Wippermann 2022). Recent evaluations report costs of 15 € to
20 € m? for the Baden-Wiirttemberg method (Anonymous
2020a, Hauschild 2021). Economic analyses further suggest
that cost parity with wet storage is achieved for storage
periods exceeding approximately three years, due to the
absence of continuous energy and water demand (Riguelle
et al. 2017). Consequently, foil storage can represent a
resource-efficient and environmentally compatible alternative
for the interim preservation of spruce roundwood under
Central European conditions.

3.3.5. Cold storage

In contrast to wet and foil storage, which preserve wood by
creating anaerobic conditions that inhibit microbial activity,
cold storage relies on physical temperature control to suppress
degradation. By maintaining wood at or below the freezing



point, biological and enzymatic processes are effectively halted,
allowing spruce roundwood to be stored for several months
without measurable deterioration (Makela et al. 2001, Makela
2002, Makeld and Achren 2003, Lukkari et al. 2004).

Cold storage has been developed primarily for Norway
spruce in Finland, where it is applied to pulpwood and
sawlogs harvested during winter. The method prevents
thawing and preserves high wood moisture, thereby maintain-
ing brightness, strength, and structural integrity until proces-
sing in summer or early autumn (Méakeld and Achren 2003,
Mékeld 2004).

Two principal configurations are employed: (1) snow-
sawdust insulation and (2) synthetic blanket systems. In the tra-
ditional snow-sawdust method, freshly felled spruce logs are
piled compactly on well-drained ground and covered with a
thick snow layer (0.6-1 m) insulated by 20-40 cm of sawdust,
bark, or wood chips (Makela et al. 2001, Makela 2002, Makela
and Achren 2003). Some operations insert a geotextile or
mesh fabric between snow and sawdust to stabilise the cover
(Mékeld et al. 2001). Piling is typically carried out from mid-
December to early April, and piles are opened between July
and October when processing capacity becomes available.
Temperature measurements showed that the pile core
remained close to 0 °C throughout storage, with only marginal
warming in the outer layers during late summer (Méakela et al.
2001, Makela and Achren 2003).

The blanket-based variant replaces the sawdust layer with
reusable polyester-insulated PVC covers or low-emissivity
membranes (Makeld 2002, Mékeld and Achren 2003, Makeld
2004). These covers reduce snow melt and simplify handling
while maintaining equivalent thermal performance. Field
trials demonstrated similar temperature stability and 20-30%
lower labour demand compared with sawdust insulation
(Méakela 2002).

Extensive mill-yard trials comprising approximately 170
000 m? of winter-felled spruce pulpwood showed that cold-
stored piles maintained high moisture content and exhibited
negligible fungal or insect activity for up to ten months
(Makela et al. 2001, Makela 2002, Makeld and Achren 2003).
Log surfaces remained bright, end-checking was rare, and no
blue-stain or decay fungi were detected where storage temp-
eratures stayed below 2 °C. Physical and mechanical properties,
including bending strength and density, were equivalent to
those of freshly felled wood (Médkeld 2004). In contrast, piles
exposed to repeated freeze-thaw cycles developed superficial
staining and shallow surface checks, emphasising the impor-
tance of continuous insulation and avoiding premature cover
removal (Lukkari et al. 2004).

Cold storage is most effective for spruce logs harvested in
mid-winter and requires rapid extraction and piling before sus-
tained thawing (Makeld 2002, Mékeld and Achren 2003). Piles
should be compact, well-drained, and protected from wind to
retain snow cover and minimise heat exchange (Makeld and
Pennanen 1980).

On average, the snow-sawdust method uses about 0.27 m
of sawdust for every m® of stored spruce (Makeld 2004). In a
representative case of a 35 000 m® spruce yard, total annual
costs were estimated at approx. 59 000 €, corresponding to
approx. 1.7 € m™. Of this, sawdust procurement and handling

3
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accounted for roughly 45%, labour for 35%, and fabric installa-
tion and removal for 20%. If sawdust is available as a by-
product on-site, costs decrease to 1.3 € m™; if purchased exter-
nally, costs rise to 2 € m™ (Méakeld 2004).

Insulated synthetic blankets entail higher capital expendi-
ture but lower operating costs. Initial investment for durable
PVC-polyester covers is around 8-10 € m™2 of cover area, corre-
sponding to roughly 1.8-2.2 € m~ of stored wood in the first
year. Assuming a five-year service life with reuse, annualised
costs fall to 1.0-1.2 € m™ (Makeld 2002), whereby transpor-
tation costs are not included. Blanket systems further reduce
snow-removal labour and allow faster seasonal setup,
offering advantages in large mechanised yards. Practical gui-
dance emphasises maintaining intact cover integrity, ensuring
full insulation continuity, and scheduling pile opening to
coincide with mill intake in late summer (Méakeld 2002,
Lukkari et al. 2004, Makelad 2004).

3.3.6. Bio-chemical treatments

In addition to physical storage techniques, various chemical
and biological approaches to inhibit fungal and bacterial
degradation of spruce roundwood have been investigated.
Early field trials examined face-end sealing and surface treat-
ments with fungicidal formulations; however, these methods
were of limited duration and raised environmental concerns
regarding toxicity and durability (GroB et al. 1993). Subsequent
research therefore focused on alternative, less toxic or biologi-
cal measures that could complement or substitute conven-
tional storage methods.

Under operational conditions, Gliocladium roseum Bainier
(syn. Trichoderma harzianum Rifai) reduced sap-stain intensity
on freshly cut Picea mariana (Mill.) Britton et al. and P. glauca
logs by approximately 50% after four months of summer
storage, but showed no protection against decay fungi and
reduced efficacy on pre-colonised substrates, underscoring
the importance of early and uniform application (Yang and Ros-
signol 1999). An albino strain named “Kasper” of Ceratocystis
resinifera (syn. Endoconidiophora resinifera (T.C. Harr. & M.J.
Wingf.) ZW. de Beer) achieved comparable or higher efficacy
in multiple field and mill-yard trials, reducing sap-stain inci-
dence by 55-95% when applied within 24 h of felling (Morin
et al. 2006). The protective mechanism relies on competitive
substrate colonisation of freshly exposed sapwood, thereby
excluding staining fungi without causing discolouration or
structural alteration. However, the effectiveness of albino bio-
control agents depends on rapid colonisation under favourable
environmental conditions. Under winter harvesting conditions
low temperatures delay fungal activity and may prevent
timely establishment of the applied organism. In addition,
exposure to precipitation under field conditions may reduce
the persistence of applied inoculum prior to germination,
thereby further limiting its effectiveness.

Laboratory experiments have also demonstrated that natu-
rally derived antifungal substances can inhibit decay. Hydroxys-
tilbenes such as resveratrol, piceatannol and isorhapontigenin
extracted from spruce debarking wastewater reduced the
mycelial growth of brown- and white-rot fungi by up to 90%
at concentrations of 100 ug mL™ (Hedenstrom et al. 2016). Simi-
larly, essential oils from citronella, cedarleaf and geranium
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inhibited blue-stain fungi by 50-100%, although their persist-
ence and formulation stability remain limiting factors
(Dawson-Andoh et al. 2000).

3.3.7. In-ground storage

In-ground storage is an oxygen-limiting preservation method
in which roundwood is stacked compactly and covered with
a soil or substrate layer that restricts aeration and biological
activity. A documented Swiss application after storm Lothar
stored approximately 1 000 m® of spruce and fir beneath a sep-
arating fleece and about 1 m of clay-rich excavated material;
after 2.5 years, sawn timber quality was comparable to wet-
stored logs, with only minor end-stain and no structural
defects, although residual clay adhering to the logs increased
tool wear during sawing. The reported total storage costs
amounted to approximately CHF 25 m~ (17.07€ m~>, exchange
rate of 1 June 2002) of timber, including stacking, retrieval, site
restoration, and in-house labour and material inputs (Tschan-
nen 2002). Recent pilot trials confirmed that such systems
can achieve very low internal oxygen levels. Gypsum-covered
spruce piles maintained O, concentrations of 0-4% and CO,
above 11%, accompanied by internal temperatures of 25-33 °©
C (Becker 2022, as cited in Trautwein et al. 2025b). However,
the hygroscopic behaviour of gypsum led to substantial moist-
ure loss. Fresh logs dried from 101% to 86% and beetle-infested
logs from 76% to 64% within 18 months, promoting discolour-
ation, decay, and consequently downgrading of the material to
RVR (Deutscher Forstwirtschaftsrat and Deutscher Holz-
wirtschaftsrat 2024) quality grade D.

Practical experience indicates that preservation success
depends critically on compact piling, early installation before
warm periods, and the use of moisture-stable cover materials
such as clay-rich soils; any subsidence or cracking of the
cover must be repaired immediately to prevent air ingress.
These findings collectively show that while in-ground storage
can preserve high wood quality when moisture remains
stable, performance is highly sensitive to substrate selection,
site conditions, and the ability to avoid unintended drying.
However, evaluations of this method and the effect on spruce
wood quality remain scarce and further research is needed.

3.3.8. Live storage

Live storage represents a special form of interim preservation in
which storm-felled spruce trees are left in situ with their
uprooted but still intact root plates remaining in contact with
the soil. This continued soil contact enables residual water
uptake, substantially slowing desiccation compared with logs
that have been severed from the stump. Under these con-
ditions, winter-storm-felled Norway spruce typically maintains
high sapwood moisture throughout the first growing season,
with only limited blue-stain development on moist or shaded
sites where the evaporation rate is low (Jonsson 2007, Blom
and Thorngvist 2014). In contrast, trees lying fully exposed to
sun and wind dry markedly faster, leading to earlier onset of
staining fungi (Jonsson 2007). Grading studies demonstrate
the time-limited preservation potential: after six months,
nearly all spruce boards produced from live-stored stems still
met the two highest DIN quality classes, whereas after twelve
months this proportion had decreased to 35-65%, reflecting

progressive moisture loss and increasing insect activity
(Blicking et al. 1997). When live storage extends into a
second summer, drying accelerates sharply and widespread
blue stain and decay become common, making quality preser-
vation no longer feasible (Jonsson 2008). After eighteen
months of live storage, quality decline becomes pronounced,
with continued desiccation and markedly higher frequencies
of insect- and fungus-related defects further reducing the
share of boards eligible for higher log grades (Biicking et al.
1997).

3.3.9. Standing storage

Standing storage refers to the practice of leaving beetle-killed
spruce trees unharvested on the stump for extended periods,
during which the wood remains exposed to progressive bio-
logical and physical degradation. Standing storage of beetle-
killed spruce results in a characteristic progression of wood-
quality changes driven by staining fungi and decay. In the
early post-mortem period, blue-stain fungi introduced by
bark beetles colonise the sapwood but have little effect on
density, MOE, or bending strength. The mechanical properties
remain close to those of freshly cut material (Kiinniger et al.
2024). Discolouration intensity and colonisation depth increase
with time, spreading vertically and radially from gallery-rich
zones as demonstrated by imaging and fungal isolations in
standing dead spruce (Lowe et al. 2022). These colonisation
pathways facilitate subsequent invasion by decay fungi,
marking the transition from predominantly cosmetic deterio-
ration to substantive structural degradation. At the stand
level, this transition is reflected in a time-dependent increase
in stem breakage, loss of crown integrity, and the occurrence
of fungal fruiting bodies, indicating progressive structural
degradation during standing storage (Trautwein et al. 2025a).
The effectiveness of subsequent dry storage is closely linked
to prior standing storage, as pre-dried logs exhibit lower
initial moisture contents and therefore reach critical thresholds
for biological activity more rapidly (Trautwein et al. 2026).

4, Discussion

4.1. Storage method and initial wood condition as
determinants of degradation pathways

The reviewed literature demonstrates that the development of
spruce roundwood quality during storage is governed by the
interaction of the process variables moisture availability,
oxygen availability, and temperature, which are structured by
the storage method. Moisture and temperature jointly govern
degradation under dry storage conditions, whereas oxygen
availability restricts degradation processes in wet and airtight
foil storage systems. Under cold storage, low temperatures con-
strain biological degradation.

These process variables define the boundary conditions for
the applicability of different storage methods. Uncontrolled
dry storage is generally unsuitable for freshly felled timber
from healthy trees beyond short interim storage periods, as
rapid moisture loss under aerobic conditions promotes check-
ing and facilitates fungal colonisation (Webber and Gibbs
1996). In contrast, oxygen-excluding methods such as the



Baden-Wirttemberg foil storage method rely on the establish-
ment of anaerobic conditions, which in fresh wood result from
respiration of living parenchyma cells that deplete residual
oxygen within the sealed system. This mechanism suppresses
fungal activity but depends on the physiological integrity of
the wood. In heavily beetle-infested or dead timber, the lack
of living parenchyma cells limits oxygen consumption, prevent-
ing sufficiently low oxygen levels and reducing the effective-
ness of foil storage (Brischke et al. 2020, 2021, Trautwein et al.
2025b). Wet storage is most effective when applied to freshly
felled wood, as drying may reduce rewetting efficiency and
pre-existing fungal colonisation cannot be reversed (Bjurman
and Viitanen 1996, Webber and Gibbs 1996, Lukkari et al. 2004).

Besides technical considerations, the application of storage
methods is constrained by economic factors. Cost-intensive
preservation strategies are only justified for high-quality assort-
ments, whereas lower-quality or pre-damaged timber is typi-
cally allocated to less expensive storage methods (Trautwein
et al. 2025a, Trautwein et al. 2026).

Environmental and regulatory constraints, particularly
related to water use and pollutant emissions, further constrain
the applicability of storage methods and must be considered in
their selection and implementation (Jonsson et al. 2006,
Jonsson 2012b).

4.1.1. Dry storage: minimal infrastructure, limited
temporal safety

Dry storage is characterised by low infrastructural requirements
and high operational flexibility, but it generally provides the
shortest safe storage window when compared with oxygen-
limited or water-based storage systems. As emphasised by
Trautwein et al. (2025b) uncovered dry storage exposes logs
directly to ambient climatic conditions and is therefore associ-
ated with a rapid increase in biological degradation risk,
whereas covered dry storage can moderately delay deterio-
ration by reducing precipitation and radiation while maintain-
ing ventilation. Under favourable conditions, spruce logs
stored dry may remain processable for several weeks;
however, blue-stain fungi and insect infestation often
develop within a short time frame, particularly during warm
periods and when bark integrity is compromised.

Technical measures such as debarking or bark gouging can
extend the usable dry-storage period by removing insect
breeding substrate and reducing the effectiveness of bark
beetles as vectors of blue-stain fungi, while simultaneously
accelerating surface drying. Nevertheless, these measures
increase harvesting and handling costs and may introduce
additional risks, including enhanced drying gradients and
mechanical surface damage, which limit their suitability for
extended dry storage durations.

Dry conservation, as a more controlled variant of dry
storage, represents a compromise between cost, environ-
mental impact and effectiveness. Its success depends strongly
on favourable weather conditions, skilled pile construction
and early implementation. Even under optimal conditions,
dry conservation cannot prevent chemical and biological
degradation indefinitely, and its applicability is therefore
limited to short- to medium-term storage scenarios.
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4.1.2. Wet and foil storage: long-term preservation with
trade-offs

Wet storage by continuous sprinkling and anaerobic storage using
airtight foil enclosures are consistently identified as the most
effective methods for preserving spruce roundwood quality over
multi-year periods. By maintaining high moisture contents and
suppressing oxygen availability, these methods effectively
inhibit wood-decay fungi and limit structural degradation.

In foil storage, the chemical component is inherently
passive. Preservation arises from self-generated or externally
introduced gas compositions within the sealed pile. Low-
oxygen atmospheres enriched in carbon dioxide or nitrogen
act as physicochemical inhibitors that suppress metabolic
activity but do not function as biocides. This distinguishes
anaerobic storage fundamentally from active chemical treat-
ments. While highly effective, both wet and foil storage face
practical constraints related to installation costs, regulatory
requirements and environmental concerns, particularly regard-
ing runoff water quality in wet storage systems.

4.1.3. Cold storage: effective but temporally limited

Cold storage has long been applied operationally in boreal
regions as a seasonal preservation technique, yet systematic
scientific evaluation remains limited. Available evidence is
derived primarily from short-term industrial trials conducted
within a single winter season, and focuses mainly on visual
and mechanical wood properties (Makeld et al. 2001, Makela
and Achren 2003, Mdkeld 2004). These studies consistently
demonstrate that, when insulation is properly maintained
and premature thawing is avoided, spruce logs can retain
mechanical integrity and aesthetic quality comparable to
freshly harvested material throughout the cold-storage period
without the use of chemical preservatives.

However, several knowledge gaps remain. Spatial variability
within log piles, particularly temperature and moisture gradi-
ents between surface and core logs, has rarely been quantified
in detail. Moreover, standardised testing protocols for optical,
mechanical and chemical wood properties are lacking, which
limits quantitative comparability among studies. Economic
assessments are confined to site-specific cost estimates, and
the operational robustness of cold storage under increasingly
variable winter conditions remains uncertain.

Importantly, cold storage is inherently constrained by seasonal
temperature regimes. Under temperate and boreal climates,
storage effectiveness is limited to the winter period, as accumu-
lated ice and insulation inevitably degrade during spring and
summer thawing. Consequently, cold storage cannot be con-
sidered a multi-year preservation strategy, but rather a time-
limited option to bridge winter harvesting and early-season pro-
cessing. As climate change is expected to reduce snow reliability
and shorten periods of sustained sub-zero temperatures, the
future applicability and reliability of cold storage as a preservation
method requires follow-up investigation.

4.1.4. Situational storage options: live and standing
storage

Live storage represents a special case that is best understood as
a situational opportunity rather than an active preservation
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strategy. When storm-felled spruce trees remain uprooted but
maintain physiological contact with the soil, water uptake and
limited metabolic activity can temporarily delay desiccation
and fungal colonisation (Blicking et al. 1997, Blom and Thérng-
vist 2014). Under such conditions, wood quality may be pre-
served for several weeks to months. However, the
effectiveness of live storage depends critically on sustained
root-soil contact and declines rapidly once the hydraulic con-
nection is disrupted or storage extends beyond a single veg-
etation period (Jonsson 2007, 2008). Consequently, live
storage can only function as a short-term buffer following dis-
turbance events and cannot be relied upon as a controllable
management option.

Standing storage likewise reflects a capacity-driven
outcome rather than a deliberate strategy. When harvesting
and processing capacities are exceeded during large-scale dis-
turbances, damaged spruce stands may remain unharvested
for extended periods. Such delays have been repeatedly docu-
mented following storm and bark beetle calamities (Schwarz-
bauer 2006). While standing trees may initially retain
acceptable wood quality (Kinniger et al. 2024), the pro-
gression of sap-stain, insect infestation, decay and drying
related crack formation in the outer parts of the trunk
rapidly limits their suitability for high-value assortments
(Lowe et al. 2022, Trautwein et al. 2025a). Once discolouration
becomes extensive or decay processes are established, quality
losses accelerate and recovery of value through later harvest-
ing becomes unlikely.

4.2. Biological agents: from superficial moulds to
structural decay

The reviewed studies highlight that biological degradation
during storage spans a continuum from superficial mould colo-
nisation to advanced structural decay. Superficial mould fungi
such as Trichoderma, Penicillium and Aspergillus spp. colonise
parenchyma cells near the wood surface and metabolise
readily available nutrients including monosaccharides, polysac-
charides, proteins and fatty acids (Daniel 2016, Schrader et al.
2025). Although cosmetically undesirable, these moulds do
not degrade lignin or cellulose and therefore do not impair
mechanical strength (Schmidt 2006).

In contrast, wood-decay fungi represent the most economi-
cally significant biological threat to timber durability (Schrader
et al. 2025). Brown-rot fungi, which dominate in many storage
contexts, employ a combined chemical and enzymatic degra-
dation mechanism. By releasing low-molecular-weight com-
pounds such as oxalic acid, they generate hydroxyl radicals
that depolymerise cellulose and hemicelluloses, while lignin
remains largely unmodified. Crucially, decay requires the pres-
ence of free (liquid) water, as fungal hyphae cannot access
water tightly bound within the cell wall. Consequently, wood
moisture contents must exceed fibre saturation, which typically
lies between 25% and 35% depending on species (e.g.
P. sitchensis: 25% (Barkas 1935)), for decay to occur. This
mechanistic requirement explains why decay is largely sup-
pressed in well-managed dry storage and cold storage, but
prevalent in inadequately drained wet systems.

4.3. Chemical transformations and implications for
processing

Beyond biological degradation, storage-induced chemical
changes increasingly emerge as a relevant but underexplored
dimension of wood quality development. Significant losses of
extractives have been reported for spruce wood segments
stored for eight months (Cabalova et al. 2021). Because extrac-
tives contribute to the hydrophobic character of the cell wall,
their reduction may affect hygroscopicity, dimensional stability
and interactions with adhesives or coatings.

Although not investigated on spruce, recent work on
corn stover demonstrates that prolonged unprotected
storage can lead to hemicellulose degradation and a col-
lapse of the lignin macromolecular structure (Zeng et al.
2025). This structural alteration reduces monomer yields
during alkaline oxidation and alters lignin properties, indi-
cating that storage-related quality loss extends beyond
mechanical deterioration to fundamental chemical trans-
formations of the cell wall. While direct transfer of these
findings to spruce must be done cautiously, they highlight
the potential for analogous processes in woody biomass
under unfavourable storage conditions.

Recent advances in spectroscopic analysis further underline
the relevance of such transformations. Fourier-transform infra-
red (FTIR) spectroscopy has emerged as a sensitive tool for
detecting storage-related chemical changes in lignocellulosic
materials, including oxidation of functional groups, alterations
in carbohydrate signatures, and lignin structural modifications.
Although FTIR-based approaches have so far been applied pre-
dominantly to agricultural residues and processed biomass
(Prinz et al. 2024), their underlying principles are equally appli-
cable to softwoods. For spruce logs, FTIR could provide insights
into extractive depletion, hemicellulose degradation, or lignin
condensation occurring during interim storage, thereby com-
plementing conventional assessments focused on visible or
mechanical deterioration.

Such chemical changes have direct implications for indus-
trial processing. Lignin condensation and hemicellulose loss
can reduce pulp yield, impair bleachability and affect down-
stream processing efficiency. Consequently, assessments of
stored roundwood quality should increasingly incorporate
chemical indicators alongside visual and mechanical criteria.

4.4. Emerging analytical tools and future research
directions

Near-infrared (NIR) spectroscopy offers promising opportu-
nities for non-destructive detection of storage-induced chemi-
cal modifications. Although its application to spruce
roundwood storage remains limited, the sensitivity of NIR
spectra to hydroxyl groups, carboxylic acids and aromatic struc-
tures suggests potential for discriminating storage history and
degradation state. Future research could exploit spectroscopic
fingerprints associated with hemicellulose loss, lignin conden-
sation or extractives oxidation to enable rapid, in-field quality
assessment of stored logs.

Chemical and biological treatments represent another
promising research frontier. Where wet or foil storage is



impractical, environmentally compatible antifungal com-
pounds and biocontrol organisms may provide viable alterna-
tives, given they are applied early and under favourable
climatic conditions. In addition, recent research on bio-based
wood chip pile covers shows that such systems can reduce
rewetting and moderate dry matter losses during outdoor
storage while avoiding fossil-based plastics (Prinz et al. 2022).
Although these studies focus on comminuted stem-wood,
the underlying mechanisms are directly relevant to spruce
log storage. Adapting bio-based cover concepts to log piles
may therefore offer a low-impact option to limit biological
activity and chemically driven degradation during interim
storage, particularly in sensitive or remote locations.
However, their effectiveness for roundwood, including
impacts on moisture gradients, fungal colonisation, and chemi-
cal stability, remains to be evaluated. Integrating such
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protective measures into combined, low-impact storage
systems tailored to operational constraints should be priori-
tised in future research.

4.5. Synthesis

Building on the analytical framework, the reviewed evidence
was synthesised into a qualitative, multi-criteria comparison
of major spruce roundwood storage methods using compara-
tive criteria reflecting economic, environmental, operational,
and preservation-related trade-offs (Figure 3). Operational scal-
ability thereby refers to the feasibility of applying a storage
method to large timber volumes and real operational con-
ditions, considering infrastructure, labour and logistical require-
ments. Scores were assigned on an ordinal scale (1 = very low,
5 =very high) and represent literature-based tendencies and

Cost efficiency

Potential
preservation
duration

Preservation
effectivhess

Environmental
compatibility

Operational
scalability

Operational
simplicity

—e&— Dry storage

== Cold storage = In-ground storage = ==

—=h=\\et storage

Foil storage

Bio-chemical treatment

Figure 3. Qualitative radar chart synthesising relative strengths and limitations of major spruce roundwood storage methods across six comparative criteria: cost
efficiency, environmental compatibility, operational scalability, operational simplicity, preservation effectiveness, and potential preservation duration. Scores are
ordinal (1 =very low, 5 =very high) and represent literature-based tendencies rather than measured performance values. All criteria are oriented such that higher
scores indicate more favourable performance. The chart illustrates characteristic, method-level performance profiles, aggregating variability among sub-methods

and operational contexts.
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the authors’ synthesis and expert judgement rather than
empirically measured performance values, thereby enabling
method-level comparison without implying quantitative
equivalence.

The synthesis demonstrates that no single storage method
optimally fulfils all criteria. Dry storage offers high cost
efficiency and operational scalability but only short-term
quality preservation. Wet and foil storage enable extended
preservation with high preservation effectiveness, albeit at
the expense of increased operational effort and environmental
or material constraints. Cold storage provides effective but
strictly seasonal preservation, while in-ground storage rep-
resents a situational, intermediate option with limited controll-
ability and low simplicity. Chemical and biological treatments
show promise for degradation control, yet remain operationally
demanding and context-dependent. Overall, storage selection
emerges as a context-specific balancing act shaped by tem-
poral constraints, infrastructure availability, and targeted
quality objectives.

5. Conclusion

This review synthesised published evidence on the effects of
different storage methods on the biological, chemical and
physical quality development of spruce (Picea spp.) round-
wood. The results confirm that storage environment is the
primary determinant of degradation pathways, with moisture
availability, oxygen availability and temperature acting as fun-
damental process variables, while the suitability of individual
storage methods also depends on the initial condition and
quality of the stored timber.

This study integrates biological, chemical and physical
quality indicators within a structured framework and relates
them to process variables governing wood degradation.
By combining quantitative evidence synthesis with qualitative
evaluation, it enables a comparative, method-level interpret-
ation of storage performance and its underlying mechanisms.

Wet storage and anaerobic foil storage consistently provide
the most reliable preservation of structural wood quality over
extended periods, whereas dry storage offers only short-term
protection and requires strict control of bark condition and cli-
matic exposure. Cold storage represents an effective and envir-
onmentally safe option under boreal conditions, but its long-
term reliability and performance under changing winter cli-
mates remain open. Situational options such as live and stand-
ing storage may temporarily delay degradation but cannot be
considered deliberate storage methods.

Across storage methods, biological degradation dominates
visible quality losses, while storage-induced chemical changes,
such as extractive depletion and potential lignocellulosic altera-
tion, remain underrepresented in the literature despite their rel-
evance for industrial processing. Standardised assessment
protocols and integrated analytical approaches are largely lacking.

Future research should therefore focus on integrating
different wood quality indicators, advancing non-destructive
monitoring techniques and developing low-impact preser-
vation strategies suitable for operational constraints. Such
advances are essential to improve decision-making in

disturbance-driven timber supply chains and to mitigate
value loss during interim storage.
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