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Abstract
In addition to the use as biofuel, the utilization of poplar wood as a rawmaterial from short-rotation coppice (SRC) became increasingly
important in recent years. Because poplar SRCs are harvested during dormant season, wood storage is of particular importance to
guarantee wood processing industries a continuous wood supply. The study focuses on the change of physical and chemical properties
of poplar wood by the application of different storage strategies over a 9-month period. Therefore, a total amount of 60m3 test log piles
were set up in 2018 for six different storage variants: compact piles, compact piles with water sprinkling and oxygen exclusion, each
with logs in bark and debarked. The effects on wood moisture content, equilibrium moisture content and wood density (ρ0) and the
changes in the chemical components lignin, cellulose, hemicellulose and extracts were determined and evaluated. As expected, the
wood moisture content changed in a wide range over the storage period, depending on the variant. The levels of equilibrium moisture
(changes from − 4% to − 13.1%) as well as wood density (changes from − 2.61% to − 9.01%) decreased for all variants between start
and end of storage. Changes in chemical composition were observed for all storage variants, which indicates microbial activity
supporting the assumption that the observed mass loss is driven by wood decay. Overall, changes were more homogeneous for logs
in compact piles compared to the other storage methods. Considering the weather conditions during the investigated period, the results
indicate that storage in compact piles with debarked logs is the best method for the conservation of poplar wood from SRC.

Keywords Log storage . Short-rotation coppice . Poplar . Storage methods . Wood moisture content . Dry matter loss . Physical
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Introduction

While importance of poplar wood production from short-
rotation coppice (SRC) [1] increased in the last decades [2,
3], it was primarily focused on the supply for the energy sec-
tor. Utilization of these timbers as raw materials is reasonable
against the backdrop of medium-term sequestration of CO2

[4]. Taking into account existing approaches for poplar wood
utilization [4, 5], the fabrication of particle boards from
chipped wood is particularly promising [5].

Associated with the material use, new challenges regarding
harvesting technologies and logistics to fit the special require-
ments of SRCs occur, such as the limitation of harvesting
periods to the dormant season in winter [6] leaving only a
few months for direct processing. The requirement of constant
supply for wood processing industries throughout the year
therefore demands appropriate storage methods. Numerous
studies were carried out for wood chips [7, 8], whereas storage
of logs from SRCs received less attention in research [9, 10].
The majority of recent investigations about log storage
methods relate to calamity wood from forests, which leads
to a focus on other wood species than poplar [10–13]. The
main goal for the application of an adequate storing method is
to preserve the physical properties (e.g. wood density) and
other quality-related characteristics (e.g. colour) of wood for
its further utilization [10, 13, 14].

During storage, the roundwood is exposed to decay. In
particular, the dangers associated with the microbial activity
of wood-destroying fungi and bacteria should be mentioned
[15–18]. These usually lead to a partial reduction in the value

* Björn Günther
bjoern.guenther@tu-dresden.de

1 Chair of Forest Utilization, Institute of Forest Utilization and
Technology, Technische Universität Dresden, Pienner Straße 19,
01737 Tharandt, Germany

2 Institute of Wood and Plant Chemistry, Technische Universität
Dresden, Pienner Straße 19, 01737 Tharandt, Germany

https://doi.org/10.1007/s12155-020-10231-7

/ Published online: 21 December 2020

BioEnergy Research (2021) 14:469–481

http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-020-10231-7&domain=pdf
https://orcid.org/0000-0001-6422-2858
mailto:bjoern.guenther@tu-dresden.de


of the wood; in extreme cases, the roundwood can even be
completely devalued. This risk is particularly high for trees
with a very low durability, such as poplar [19].

The mass loss reveals the influence of these threats in a
congruous and comparable way. For poplar wood chips, a
monthly mass loss between 1.4 and 4.2%was observed during
storage [20]. Overall losses depend on the used compartments
of the tree, whereby consistently higher reductions can be
expected for chips from stems than for those from crown
wood [21]. Large differences in mass losses for 7-month open
air storage period of poplar were found between wood chips
and logs and ranged between 17 to 19% and 4 to 7%, respec-
tively [13, 22].

Since different threats to the wood quality are expected,
depending on the duration of roundwood storage, different
storage strategies are necessary, which are related to the de-
velopment of wood moisture content, unfavourable for fungal
growth [23].

A general differentiation is made between procedures for
short-term (a few weeks) and medium- to long-term storage (a
few months to several years) [13].

Considering the demands in the case of rawmaterial supply
from SRCs, the application of procedures for medium- to
long-term storage of logs seems to be reasonable. Therefore,
the scope of this study was to evaluate different methods for
the storage of poplar (Populus nigra L x P. maximowiczii H.)
logs over a period of up to 9 months. Three storage methods,
(a) storage in compact pile, (b) storage in compact pile with
water sprinkling and (c) log conservation under oxygen exclu-
sion, have been tested and evaluated regarding their impact on
the physical properties (wood moisture content, equilibrium
moisture content and wood density (ρ0)) and chemical com-
position. All tests were carried out for logs with and without
bark.

Materials and Methods

Experimental Setup

The investigation was carried out in 2018 from March to
November in the test facility of the Technische Universität
Dresden (TUD) and Staatsbetrieb Sachsenforst (SBS) in the
Tharandter Wald near to Grillenburg, southeast Germany
(Table 1). For the storage setup, approximately 600 trees were
harvested with an age between 8 and 12 years throughout
February 2018 from an SRC in Thammenhain near Leipzig,
Germany. A total of 223 poplar wood sections from the poplar
clone Max 1, Populus nigra L x P. maximowiczii H., with a
length of 4 m and a mean diameter of 138 mm were selected
for further analyses.

Six different storage variants were assessed: storage in
compact piles (CP), with and without bark (CPwb/CPwob);

storage with water sprinkling (WS), with and without bark
(WSwb/WSwob); and storage under oxygen exclusion (OE),
with and without bark (OEwb/OEwob).

For the storage variants CPwb/wob and WSwb/wob, the
pile sizes varied between 8 and 18 m3 (pile dimension varied
between approx. 4 m × 3 m × 0.9 m and 4 m × 4.5 m × 1 m).
Whereby a larger pile was set up for CPwb since more het-
erogeneous condition were anticipated for this variant.

For the OE variants, the amount of wood was separated
into ten single packages of equal sizes, whereby some pack-
ages were used as backup (risk of possible damages) and for
long-term investigations (ongoing). Different harvesting dates
led to postponement of the starts of storage for the different
variants (Table 2).

The logs stored in compact piles were placed on
vegetation-free gravel. Some logs were used as underlayers
to ensure ventilation, supporting a faster drying process. The
two piles for storage under water sprinkling were sprinkled
continuously with 5 l/m3/h on both end faces and from the
shell surface. The required fresh water was pumped out of a
pond next to the piles. A plastic coveragewas placed under the
piles to regulate water runoff, avoid uncontrolled growth of
vegetation and prevent the logs from sinking into the soil. For
storage under oxygen exclusion, the piles were double-sealed
with a silage film and secured with a geogrid avoiding damage
by mice, since the packages were placed on grassland.

Sampling Strategies

The sampling strategies varied in terms of sampling intervals,
number of samples and analyses carried out. With the start of
storage, stem discs were taken 20 cm from the base of the log
to avoid the influence of drying effects between harvesting
and sampling while ensuring integrity throughout storage.

To determine the development of wood moisture content,
additional samples were taken shortly after the experimental
setup was established and at the end of the growing season, on
logs of representative positions within the piles (top, mid and
base layer). Although different starting dates for the storage
variants were necessary, this approach was chosen to synchro-
nize the observation of wood moisture content with weather
conditions. Thereby approximately 7 g of particles was gath-
ered by chainsaw from each sampled log, to minimize the
impact on the stored logs. A previous comparison of different
extraction methods (particles and cores of different sizes) with
stem discs showed that the chosen procedure delivers similar
and reproduceable values. Furthermore this approach is based
on a standard procedure to determine wood moisture content
in the wood processing industry [24, 25]. Additional sampling
was not possible for storage under oxygen exclusion without
destroying the film or negative impact on the storage gas at-
mosphere within the piles.
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For the sampling at the end of storage, it was possible to
take discs from the middle of the logs, to reduce the influence
of boundary effects.

The components of the gas atmosphere (CO2 and O2) were
regularly measured using the Geotechnical Instrument gas
analyser (Anagas CD 95, model: 1/9; manufactured by
Geotechnical Instruments, Leamington Spa, UK) [13, 26].

Various physical, chemical and wood biological analyses
were carried out to evaluate the individual storage processes
with regard to changes in the wood properties between begin
and end of the storage period (Table 3).

Physical Properties

Wood moisture content (WMC) on oven-dry basis was
determined gravimetric from stem discs (SoS, EoS) and
particles (AS) according to the standard EN 13183-1
[27]. Stem discs were weighted, oven-dried till mass
constancy and weighted again. Whereas the moisture
content for the particles (AS) was determined with an
infrared moisture analyser (Mettler Toledo LP16,
Mettler-Toledo AG, Greifensee, Switzerland), delivering
precise data for small samples.

Oven-dry density (ρ0) was determined according to the stan-
dard DIN 52182 [28]. Therefore, 329 specimens from 164 stem
discs, which were previously used for the WMC determination,
were produced. These were taken from 82 logs sampled twice
(SoS and EoS). If possible, depending on disc size and damages
(cracks, branches, etc.), at least two and up to six cuboid speci-
mens with sides larger than 2 cm were shaped.

Equilibrium moisture content (EMC) was determined from
specimens which were used previously for dry density determi-
nation; therefore, the specimens were in the state of water adsorp-
tion. The specimens were conditioned at 20 °C and relative hu-
midity of 65% (20/65 standard atmosphere for conditioning and/
or testing [29]) until a constant mass level was reached, and then
moisture content according to EN 13183-1 [27] was determined.

Measurements for oven-dry density and EMC were carried
out with high precision scale (Sartorius QUNITIX124-1S,
Sartorius Lab Instruments GmbH & Co. KG, Göttingen,
Germany) and calliper (Mitutoyo CDN-P30, Mitutoyo
Corporation, Takatsu-ku, Japan).

Chemical Analysis

For the analysis of the chemical composition, a total amount
of 69 specimens, previously used for the determination of the

Table 1 Characterization of the
storage location and sample
material

Storage location Tharandter Wald, Grillenburg, Germany

Longitude 13° E 28′ 47.42

Latitude 50° N 58′ 46.34

Location altitude 350 m above sea level

Species Populus nigra L x P. maximowiczii H

Clone Code Max1

Harvesting date February 2018

Start of storage (SoS) March/April 2018

Additional sampling (AS) May/October 2018

End of storage (EoS) November/December 2018

Storage volume 8 to 18 m3 per storage variant

Number of sampled logs 223

Log length 4 m

Diameter Mean 138 mm

Standard deviation 25.6 mm

Table 2 Specifications for the experimental pile setup for the different storage variants

Storage variant Number of logs Sampled logs Start of storage Additional sampling End of storage

Compact pile with bark 205 73 27.03.18 24.05.18/10.10.18 03.12.18

Compact pile without bark 98 61 07.03.18 24.05.18/10.10.18 06.11.18

Compact pile with water sprinkling with bark 64 34 14.03.18 24.05.18/10.10.18 14.11.18

Compact pile with water sprinkling without bark 41 20 03.04.18 24.05.18/10.10.18 12.12.18

Log conservation under oxygen exclusion with bark 102 12 01.03.18 - 12.11.18

Log conservation under oxygen exclusion without bark 81 8 27.03.18 - 12.12.18
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physical properties, was selected. For this purpose, represen-
tative bulk samples were created for each storage variant and
ground together (< 1 mm). Measurements were carried out
twice on the same bulk sample.

The dry mass of the samples was determined at 103 °C. All
values mentioned for composition refer to the dry mass.
Furthermore, the determined component stops for EoS were
corrected with the mass loss determined by the change in
oven-dry densities during storage. Gravimetric determination
was carried out with a high precision scale (Sartorius
QUNITIX124-1S, Sartorius Lab Instruments GmbH & Co.
KG, Göttingen, Germany).

Determination of Extract Content

About 5 g of each bulk sample was extracted in a Soxhlet
apparatus with 200 mL of a 1:1 mixture of ethanol and toluene
for 6 h [30]. The solvent was then removed on a rotary evap-
orator. Afterwards, the remaining extracts were dried at
103 °C.

Determination of Holocellulose Content

Approximately 0.5 g of each extracted sample was mixed in
an Erlenmeyer flask with 60 mL of water, 100 μL of glacial
acetic acid and 0.5 g of sodium chlorite. The mixture was then
shaken at 70 °C for 1 h. Then 100 μL of glacial acetic acid and
0.5 g of sodium chlorite were again added and shaken once
more at 70 °C for 1 h. This treatment was repeated five times.
After cooling, the remaining holocellulose was separated

using a glass filter (porosity 40 μm), washed acid-free with
deionized water and then dried at 103 °C [31].

Determination of Cellulose Content

Approximately 1 g of each extracted sample was boiled three
times under reflux in 25 mL of a nitration mixture (10 mL
65%HNO3 + 40mL 96% ethanol) for 1 h. After each step, the
samples were separated by filtration, and the boiling step was
repeated with fresh nitration mixture. The solid residue after
the third step was washed with ethanol and water and then
boiled again under reflux in 100 mL deionized water for
30 min. Finally, the resulting cellulose was separated using a
glass filter (porosity 40 μm), washed acid-free with deionized
water and then dried at 103 °C [32].

Determination of Hemicelluloses

The content of hemicelluloses was determined as the differ-
ence between holocellulose and cellulose.

Determination of Klason Lignin Content

Approximately 0.5 g of each extracted samples was mixed
with 20 mL of 72% sulphuric acid. The mixture was stirred
at room temperature for 2 h. After that, themixture was diluted
with deionized water to a final volume of 650 mL. This solu-
tion was boiled under reflux for 4 h. The insoluble lignin was
separated using a glass filter (porosity 16 μm) after cooling
down. The lignin was washed acid-free with hot deionized
water and dried at 103 °C.

Table 3 Overview of the analysis carried out for each storage method and the associated sampling strategies

Storage method Analysis Sample strategy (sample numbers)

Compact piles (with and without bark) Wood moisture content (ω) SoS and EoS (143) + 2 x AS (40)

Wood density (ρ0) SoS and EoS (67)

Chemical analysis SoS and EoS (24)

Fungi infection (micro-/macroscopic) Selected logs EoS

Equilibrium moisture content (EMC) SoS and EoS (112)

Compact piles with water sprinkling
(with and without bark)

Wood moisture content (ω) SoS and EoS (186) + 2 x AS (20)

Wood density (ρ0) SoS and EoS (68)

Chemical analysis SoS and EoS (26)

Fungi infection (micro-/macroscopic) Selected logs EoS

Equilibrium moisture content (EMC) SoS and EoS (72)

Log conservation under oxygen exclusion
(with and without bark)

Wood moisture content (ω) SoS and EoS (24)

Wood density (ρ0) SoS and EoS (29)

Chemical analysis SoS and EoS (19)

Gas analysis (CO2/O2 concentration
within the sealed pile)

Monthly, all piles

Equilibrium moisture content (EMC) SoS and EoS (39)
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Fungi Infestation

Throughout the storage period, different fruit bodies appeared on
the logs stored in compact piles and those under water sprinkling.
Towards the EoS, selected samples were taken from visibly in-
fected logs. Selected segments were documented macroscopical-
ly and the occurring fungi identified, as far as possible.

For qualitative analysis, 20 μm thin slices were cut using a
sledge microtome from cross-, radial and tangential anatomi-
cal sections. In order to increase contrast and identify fungi
hyphae, the thin sections were stained by Astra blue, for the
not lignified tissue and safranin and for the lignified tissue.

For the piles under oxygen exclusion, no samples were taken.

Data Analysis

The data was normally distributed, as assessed by the
(Kolmogorov-Smirnov) Lilliefors and the Shapiro-Wilk test.
Since the normality assumption was not violated, parametric sta-
tistic was applied. Significant differences between start and end
of storage for WMC, EMC and wood density were tested using
paired two-sample t test, while a significance level of 5% was
applied (α= 0.05). The analysis was run in SPSS® (version 26).

To evaluate the magnitude of the influence of the storage
method on the respective wood property, the effect size based
on Pearson’s r was calculated using the T value and the de-
grees of freedom. The six storage methods were sorted by the
absolute values of the effect size. Whereby the rank six de-
scribes the strongest and rank one the weakest influence.

Results

Weather Conditions

The weather conditions over the storage period 2018 were
recorded by the Chair of Meteorology, TUD, as shown in
Fig. 1. Taking into account that the water sprinkling ran con-
stantly throughout the storage and piles in film maintained an
isolated atmosphere, only the storage in compact piles was
strongly influenced by weather.

The mean monthly air temperature was 10.9 °C, and the
average monthly amount of precipitation was 42 mm during
the storage period 2018, whichwas a 2.3 K higher temperature
and 42% lower precipitation compared to long-term weather
data (1961–1990).

Gas Atmosphere Inside the Sealed in Film

Precondition for a proper log storage under oxygen exclusion
was a rapid reduction of the oxygen content in the wrapped
piles by microbiotic activities and its constant maintenance
during the whole storage period. Depending on the storage

variant (with or without bark), differing developments of the
gas atmosphere were observed (Fig. 2).

For logs without bark stored under oxygen exclusion, the
oxygen-free atmosphere was reached after 3 weeks, while
CO2 first increased from 9 to 35% after 13 weeks, followed
by a reduction reaching a concentration of 13% at the end of
storage. For logs with bark, the reduction of oxygen and the
increase of CO2 were much faster (oxygen-free atmosphere
after 1 week, CO2 increase from 3 to 33% after 7 weeks,
followed by a decrease to 6% towards the end of storage).

Wood Moisture Content

All storage variants have shown significant (p value < .01)
changes in wood moisture content (WMC) at the end of the
storage period 2018 (Table 4).

For storage under drying conditions, the WMC was re-
duced to 74% (CPwb) and 20% (CPwob), whereas for storage
with water sprinkling with and without bark, the WMC was
increased to 163% (WSwb) and 248% (WSwob), respective-
ly. Similar effects were detected for storage under oxygen
exclusion (OEwb 155%; OEwob 156%).

Wood moisture content varied for piles with additional
sampling between different sampling dates. Between the first
and the second additional sampling, WMC changed from 38
to 98% for CPwb, from 17 to 35% for CPwob, from 187 to
155% for WSwb and from 114 to 185% for WSwob.

Wood Density

All storage variants have shown a wood density reduction
over the storage time of 9 months (Fig. 3). Significant differ-
ences were found for both storage variants with water sprin-
kling and under oxygen exclusion (p value < .01). The highest
dry mass loss (− 9.01%) was found in logs without bark stored
with water sprinkling (WSwob). The lowest density reduction
(− 2.61%) was found for storage under oxygen exclusion with
bark (OEwb). All other storage variants showed decreases in
density between 4.81 and 6.53%. Over all variants, storage
without bark showed higher density reductions.

Equilibrium Moisture Content

The equilibrium moisture content (EMC) at 20 °C and 65%
relative humidity (20/65) decreased after 9 months of storage
by an average of 9% for all variants (Fig. 4). The reduction of
the EMC for logs stored with water sprinkling and under ox-
ygen exclusion was higher compared to logs stored in com-
pact piles (CPwb, − 4%; CPwob, − 6.5%; WSwb, − 8.5%;
WSwob, − 8.8%; OEwb and OEwob, − 13.1%). The differ-
ences between SoS and EoS were highly significant (p value
< .001) for all storage variants.
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Chemical Composition

The change in the chemical composition of the wood due to
storage depends both on the storage variant and the debarking
(Fig. 5, Table 5). Except for extractives in OEwb, the share of
wooden components decreases for all storage variants. In the
case of CP andWSwb, this is done with medium intensity and
relatively proportionally to the initial content of the individual
components. The greatest overall reductions were found in
WSwob especially for cellulose and hemicelluloses (− 2.62
and − 4.34%, resp.). For OE variants, the overall reductions

were low, whereas reductions in lignin were the lowest (wb, −
0.32%; wob, − 0.17%). Noteworthy is the primary reduction
of cellulose for OEwb (− 2.26%), whereas the debarked vari-
ant shows higher reductions of hemicelluloses (− 3.10%).

For the debarked variants, reductions in extractives and
hemicelluloses were higher. This differencewas also observed
for cellulose in CP and WS, but inverses for OE. Another
difference is the greater lignin breakdown when stored with
bark, but for OE, the differences are small and in the error
range of the method. It is striking that the reduction of hemi-
celluloses in OEwb is very low. Homogeneous changes were

Fig. 1 Weather data during the
storage period 2018 versus long-
term weather data (1961–1990),
recorded by Chair of
Meteorology, TUD, weather sta-
tion Grillenburg

Fig. 2 Development of O2/CO2

concentration within the sealed
packages over 9 months for
OEwb and OEwob
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observed for storage variants under drying conditions in com-
parison to those under wet conditions.

The accumulated percentages per variant were between
96.06 and 104.82%, closely surrounding the ideal theoretical
100%.

Fungi Infestation

Fungi infestation is a main risk regarding log storage.
Particularly wood quality and dry mass loss, indicated by a
reduction in wood density, are influenced significantly by
wood-destroying fungi [14, 17]. Four widespread fungi spe-
cies could be identified, from which three are white-rot fungi
(Schizophyllum commune FR., Cylindrobasidium evolvens
FR., Chondrostereum spec.), mainly breaking down lignin,
and one bark fungus (Neonectria coccinea DESM.).

The logs stored in compact piles under drying conditions
showed severe infestation by white rot causing fungi, fore-
most Schizophyllum commune, whereas fruit bodies on logs
in piles with water sprinkling were rarely found. For each

storage variant, logs with bark showed higher infestation rates
than those without.

Discussion

Methodical Approach

The experimental setup of this investigation was chosen ac-
cording to the evaluation of different methods for the storage
of poplar logs from SRC. Therefore, trees with representative
age and diameter were selected. Pile sizes were adjusted to the
anticipated storage conditions. For storage under drying con-
ditions, especially for CPwb, slightly larger piles were set up
with the intention to reduce boundary effects and realize rea-
sonable conditions inside the pile. Findings about the low
correlation of drying behaviour and pile heights are not
completely applicable, since significantly larger pile dimen-
sions were investigated here [13]. Therefore, a strong influ-
ence of boundary effects could not be prevented by the chosen

Table 4 Changes in wood moisture content (WMC) for the 9-month storage for the different storage variants

SoS 1. Sampling 2. Sampling EoS

Variant WMC (%) SD N WMC (%) SD N WMC (%) SD N WMC (%) SD N Change (%)

CPwb 139.72 10.84 78 38.32 19.44 10 97.51 25.78 10 73.51 23.39 77 − 66.22
CPwob 141.09 10.57 65 17.47 6.13 10 35.14 16.12 10 19.49 2.33 65 − 121.60
WSwb 136.59 9.13 37 187.19 32.29 6 154.93 13.02 6 163.47 39.60 37 26.87

WSwob 153.88 7.77 22 213.55 13.92 4 184.56 13.13 4 248.79 14.86 22 94.91

OEwb 139.08 9.91 12 155.23 27.87 12 16.15

OEwob 135.29 11.53 8 155.61 34.35 8 20.32

Fig. 3 Changes in wood density
(ρ0) for the 9-month storage peri-
od for the different storage
variants
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experimental setup for CP, and the transferability of the find-
ings in practice is limited by this.

Since the water sprinkling is expected to create homoge-
neous conditions for all stored logs, smaller storage volumes
were used, because these variants should be less affected by
pile size. This assumption is also valid for storage under oxy-
gen exclusion, due to the closed atmosphere. Regarding the
setup for these methods (WS, OE), the conditions can there-
fore be assumed as comparable to those in common practice.

Although investigations determined relevant differences
for wood moisture development, mass losses and changes in
chemical compositions depending on sampling location [21,
33, 34], the chosen extraction points on one log were inside a
range of 2 m. Considering the age, diameter and differences in
cambial age, the positive effect of lower spatial distance

would not compensate the boundary effects, e.g. drying and
fungal infestation starting on the log ends.

The stored logs were harvested throughout February
resulting in prolonged possible starting dates for the begin of
storage. To ensure representative and comparable storage
lengths of 9 months for all variants, the end of storage was
extended for some piles. Since all logs were stored throughout
the growing season with weather conditions, favourable for
fungi growth and wood decay, the chosen approach seems
reasonable. To overcome the resulting limits of different sam-
pling dates at start and end of storage, additional sampling was
applied at the begin and towards the end of the growing
season.

All samples for the analysis of chemical composition were
previously oven-dried at 103 °C for the determination of wood

Fig. 4 Changes in equilibrium
moisture content (20/65) for the
9-month storage period for the
different storage variants

Table 5 Chemical composition at SoS and EoS corrected by mass loss after 9-month storage for the different storage variants (mean ± deviation)

Storage variant Sampling Mass loss (%) Extracts (%) Lignin (%) Cellulose (%) Hemicelluloses (%) Ash (%) Total (%)

CPwb SoS 3.14 ± 0.10 21.55 ± 0.09 47.54 ± 0.25 30.89 ± 0.58 0.83 103.95

EoS − 4.8 2.83 ± 0.06 19.35 ± 0.05 46.42 ± 0.13 29.40 ± 0.39 0.86 97.44

CPwob SoS 3.80 ± 0.14 21.92 ± 0.09 46.58 ± 0.28 30.82 ± 0.04 0.77 103.89

EoS − 5.1 2.79 ± 0.01 21.35 ± 0.33 44.67 ± 0.12 29.26 ± 0.52 0.50 98.57

WSwb SoS 3.01 ± 0.11 21.09 ± 0.28 48.45 ± 0.43 30.48 ± 0.04 0.94 104.82

EoS − 6.6 2.89 ± 0.06 19.19 ± 0.23 47.32 ± 0.30 28.47 ± 0.14 0.89 98.76

WSwob SoS 2.83 ± 0.05 19.95 ± 0.24 47.97 ± 0.34 32.82 ± 0.16 0.72 104.29

EoS − 8.8 2.62 ± 0.06 18.98 ± 0.19 45.35 ± 0.27 28.48 ± 0.23 0.63 96.06

OEwb SoS 2.92 ± 0.05 21.24 ± 0.23 47.35 ± 0.50 32.43 ± 0.12 0.85 104.79

EoS − 2.7 3.11 ± 0.08 20.92 ± 0.22 45.09 ± 0.11 32.24 ± 0.27 0.85 101.62

OEwob SoS 3.53 ± 0.02 20.22 ± 0.10 47.61 ± 0.37 30.56 ± 0.64 0.70 102.62

EoS − 6.5 2.77 ± 0.01 20.05 ± 0.31 46.71 ± 0.51 27.46 ± 0.38 1.08 98.06
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moisture content, equilibriummoisture content and wood den-
sity (ρ0). In this context, vaporization of volatile substances is
likely. This may have led to a substantial loss of these com-
ponents and applies in particular for the amount of extractives.
Nevertheless, this is a standard protocol which was applied to
all specimens, so comparability between the samples is still
accurate.

Repeated measurement for each bulk sample is a compro-
mise between accuracy and labour intensity. Furthermore it
indicates an error range, which makes it possible to set the
results in context.

Influence of Wood Moisture Content

Regarding log storage, fungi infestation is considered as the
most important risk for wood degradation and the related loss
of value [14, 17]. The aim of storage concepts is to store logs
in conditions unfavourable for wood-degrading fungi. Two
different strategies are applied, both using WMC as the main
monitoring parameter. Hereof wood moisture contents of well
over 100% or below fibre saturation (< 30%) are considered
optimal [17, 23, 35, 36].

During the investigations carried out, similar wood mois-
ture content at the beginning resulted in different moisture
levels at the end of the storage period, as expected, depending
on the variant. As for storage under oxygen exclusion, water
sprinkling and dry storage without bark, the poplar logs were
stored in a woodmoisture content stated as ideal high (> 150%
WMC) or low (< 30% WMC) over the entire storage period.
Noticeable is the reduction of WMC between the first and
second additional sampling for storage with water sprinkling
(WSwb, 187 > 155%; WSwob, 214 > 185%). This could be
explained by the development of strong shoots growing from
the logs, so that less water reached the surface of the total pile.
Additionally, these shoots represent at least partially living
structures of the logs with active water uptake (Fig. 6). This
could have an impact on the WMC. Changes between the
additional sampling dates confirm the independency of
WMC from weather conditions for this storage method.

The dry and warm weather conditions in 2018 led to a
quick and significant reduction of WMC in the logs stored
under drying conditions. For CPwob a WMC of 17% was
achieved within 10 weeks of storage. In contrast, logs stored
in compact piles with bark remained in a critical moisture level
for a notably longer time, reaching an average of 38% within
8 weeks. Nevertheless, higher WMC values (CPwb, 98%;
CPwob, 35%) were measured during second additional sam-
pling for both variants in October due to increased precipita-
tion in the weeks prior the sampling. This indicates a faster re-
moistening for the logs with bark. Furthermore, debarked logs
remained on a lower level throughout the whole storage peri-
od, as indicated by additional sampling.

The standard deviation of WMC at SoS for all piles was
low and homogeneous. This changed during storage, whereby
similar levels of heterogeneity were observed for AS and EoS,
depending on the storage variant, despite the different sam-
pling methods. This refers to different moisture levels inside
the pile, displayed by adapted sampling locations. The stan-
dard deviation for CPwob remains notably low, indicating
homogeneous conditions, most likely depending on the small-
er pile size.

The presented development ofWMC suggests a higher risk
of fungal decay with the associated changes in wood proper-
ties for CPwb compared to the other variants. In order to
illustrate the influence of the storage variant on the investigat-
ed wood properties, they were ranked based on the calculated
effect size according to Pearson’s r, and grouped ranking was
applied for the chemical changes (Table 6). The ranking
shows how strong the wood properties are affected by the
storage conditions whereby higher values indicate higher ef-
fects. Lower numbers in total impact are associated with a
favourable storage variant. The disparity between indicated
risk by wood moisture content and actual changes in wood
properties emerges.

Besides WMC being the main driver for the possibil-
ity of fungi infestation, changes in wood density and
therefore dry mass loss are the key indicators to evalu-
ate the final storage success.

Fig. 5 Changes in the chemical
composition after 9-month stor-
age for the different storage
variants
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Log Storage Under Dry Conditions

Despite the assumption of the high risk regarding the devel-
opment of WMC in the compact pile with bark, the dry mass
loss was relatively low, whereas the one without bark showed
the expected influence, according to the fast drying. Resulting
density changes (4.81% and 5.02%, respectively) display sim-
ilar dry matter losses (up to 7%) which were observed by other
researches for poplar stems stored for 6 and 7 months from
SRC [9, 13].

Since the deficit of precipitation in May led to fast reduc-
tion in WMC, initial infestation by fungi was moderate.
Despite this, a common set of species responsible for wood
decay [37] could be found in the wood but without remarkable
development. Due to their ability to endure periods with dry
conditions after initial settlement [37], infestation was possi-
ble. Thin sections showed hyphae in different locations and
intensities, but it remains unclear how deep the hyphae were
able to penetrate the tissue and how strong fungal decay took
place in each log, while the resulting dry mass loss was fairly

low. Most certainly longer storage periods would promote
further fungal decay and result in higher dry mass losses
[14]. Proportional degradation in all chemical wooden com-
ponents were as expected, but on a substantially lower level
and led to only slight changes in physical properties. This
suggests normal microbial decomposition without structural
change for log storage under dry conditions. The correlation
between changes in polysaccharides, esp. hemicelluloses and
EMC, support this assumption, since hydrophilic groups get
degraded by fungal decay [17, 38].

Log Storage with Water Sprinkling

Absence of oxygen in the piles with water sprinkling should
have been attained by constant uptake of water, which is as-
sociated with a lower risk of decay [14, 19]. In contrast, the
observed changes in wood density and chemical properties
were higher than assumed, especially for debarked logs.
Glucosidases generally work under anaerobic conditions in
an energetically inefficient manner, and therefore degradation

Fig. 6 Logs with strong growing
shoots after 6 months of storage
under water sprinkling

Table 6 Ranked impact by effect
size, based on Pearson’s r for
wood density (ρ0) and EMC,
grouped ranking for chemical
changes (1, low changes; 2,
medium changes; 3, high
changes)

CPwb CPwob WSwb WSwob OEwb OEwob

WMC during storage Medium Low High High High High

Indicated risk High Low Low Low Low Low

Wood density (ρ0) 4 3 5 6 0* 0*

EMC 1 4 2 3 5 6

Chemistry 2 2 2 3 1 1

Total impact 7 9 9 11 6 7

*No significant differences
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should be slower [39]. On the other hand, water is required for
the enzymatic cleavage of the glyosidic bond [18], which
could explain a higher degradation of hemicelluloses. Since
microbial lignin degradation is always associated with oxygen
availability, the assumption of completely anaerobic condi-
tions during water sprinkling storage cannot be retained.
Additionally, fungi fruit bodies were found on the piles with
water sprinkling, and unpleasant smell during the sampling
refers to other microbial activity, such as bacteria. Since sub-
stantial degradation of cellulose and hemicelluloses was ob-
served, the involved bacteria might belong to the group of
erosion bacteria [18]. For the contribution of fungi to wood
decay in water sprinkled piles, several investigations on
spruce found a massive infestation of Armillaria (spec.) in
the logs [40–42]. Therefore, a fungal involvement cannot be
completely prevented. Minor loss in lignin may also occur due
to elution processes from the water running through the piles
[18].

Log Storage Under Oxygen Exclusion

Although there were slight changes in wood density for logs
under oxygen exclusion, no significant differences were
found. In contrast to the piles with water sprinkling, for those
inside the film, evidence of oxygen exclusion could be assured
by the measurements of gas atmosphere. The decrease of CO2

concentration could be explained by diffusion through the
silage film. The diffusion rate is four times higher than for
O2, which is entering the package but gets transformed imme-
diately by respiration [26]. Missing lignin loss for these piles
confirms the described dependence of degradation on oxygen
availability. Perhaps high temperatures inside the wrapped log
piles led to formation of esters [43], capable of degrading
hemicelluloses. The disproportional decrease in extract sub-
stances can essentially be explained by the release of volatile
components such as mono- and sesquiterpenes, because stor-
age without bark favours the release of these substances [18].
Furthermore, there is the possibility a weak acid based on CO2

dissolving in water occurs, which could result in depolymer-
ization of cellulose and hemicellulose [44]. Substantial reduc-
tion of cellulose in OEwb may have led to measurement of
degraded cellulose remains, which led to a higher estimation
of hemicelluloses at the end of storage, reducing the detection
of the actual loss.

However, drastic changes in the chemical composition
were observed in the WS storage, especially without bark.
The amorphous structure of the hemicellulosesmay contribute
to the greatest degradation under these conditions.

Nevertheless, changes in wood density throughout the stor-
age period indicate a minor fungal influence on the dry mass
loss than expected. Regarding the piles under moist condi-
tions, other microbial factors, such as bacteria, should be taken
into account [16, 18, 45], since the observed dry mass losses

and changes in chemical components can barely be explained
by exclusive fungal activity.

Conclusions

In association with material utilization of poplar wood from
SRC, it is essential to implement suitable storage methods to
ensure a continuous supply. For this purpose, the study pre-
sents and compares potential courses of action.

Considering the weather conditions in the investigated pe-
riod and chosen experimental setup, specifically the pile di-
mensions, storage in compact piles, especially with debarked
logs, is the best method for the preservation of poplar wood
from SRC. Technological demand and thus financial expense
regarding dry mass loss and changes in chemical composition
are highly beneficial for these short storage periods.
Additionally, it has less restrictions regarding the location
and avoids the necessity of permissions by local water author-
ities for the water sprinkling, which would led to additional
administrative expenses. In comparison with the storage under
oxygen exclusion, no additional waste is produced by the use
of film. Also, a maintenance for monitoring of the gas atmo-
sphere is not required.

Indication of changes in wood properties by WMC was
deficient for most observed variants.

Due to the short duration of storage with exceptionally dry
and warm weather conditions in 2018, the results are limited
in general validity.

To validate the conclusions for storage in moist conditions,
further investigation regarding microbial activity and resulting
wood decay is necessary.

The final decision on the optimal storage method should be
made by the trade-offs between risks and costs.
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