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Abstract: The aim of this work was to improve the understanding of dry matter losses (DML)
that occur in wood chips during the initial phase of storage in outdoor piles. For this purpose, a
laboratory scale storage chamber was developed and investigated regarding its ability to recreate
the conditions that chips undergo during the initial phase of outdoor storage. Three trials with
poplar Max-4 (Populus maximowiczii Henry × Populus nigra L.) chips were performed for 6–10 weeks
in the storage chamber under controlled temperature and assisted humidity. Two different set-
ups were investigated to maintain a high relative humidity (RH) inside the storage chamber; one
using water containers, and one assisted with a humidifier. Moisture content (MC) and DML
of the chips were measured at different storage times to evaluate their storage behaviour in the
chamber. Additionally, microbiological analyses of the culturable fraction of saproxylic microbiota
were performed, with a focus on mesophilic fungi, but discriminating also xerophilic fungi, and
mesophilic bacteria, with focus on actinobacteria, in two trials, to gain a view on the poplar wood
chip-inhabiting microorganisms as a function of storage conditions (moisture, temperature) and
time. Results show that DML up to 8.8–13.7% occurred in the chips within 6–10 storage weeks. The
maximum DML were reached in the trial using the humidifier, which seemed a suitable technique to
keep a high RH in the testing chamber, and thus, to analyse the wood chips in conditions comparable
to those in outdoor piles during the initial storage phase.

Keywords: dry matter losses; short rotation coppices; poplar wood chips; laboratory scale; cultivable
saproxylic microbiota

1. Introduction

Woody biomass from forestry and agriculture plays an important role in bioenergy
technology to fulfill the targets for the global reduction of greenhouse gas emissions [1–3].
As such, to meet the growing demand for woody biomass, an increase of the production of
fast-growing trees such as poplar (Populus spp. L.), willow (Salix spp. L.) and black locust
(Robinia pseudoacacia L.) in plantations of short-rotation coppices (SRC) or agroforestry
systems (AFS) is an important option [4]. A prerequisite for increasing wood production in
agriculture, however, is the availability of suitable technologies [5–8] and competitiveness
compared to other energy-supplying plants and traditional field crops [9,10]. Key problems
interfering with the expansion of SRC cultivation are the high dry matter losses (DML)
and quality losses during the storage of wood chips [11–13]. Wood chips from SRC are
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harvested in winter with moisture contents (MC) of 50–60% (wet-basis MC; poplar chips).
Generally, the wood chips have to be stored and dried for six to nine months until the
next heating season starts [14,15]. In order to guarantee low costs and easy handling,
wood chips are typically stored to dry outdoors in large piles, and consequently, the wet
chips are subjected to microbial attack [16–19]. Depending on the material properties of
the wood chips, the design and the location of the storage piles, DML of up to 47% may
occur [17,20–25].

1.1. DML and Temperature in Wood Chip Storage Piles

Due to the harvesting of SRC in winter, in some regions like central or northern Europe,
the ambient temperature is below 0 ◦C for some weeks, and therefore the temperature
in the storage pile stays, as well, below 0 ◦C [17,21,26]. This first storage phase is called
‘frost phase’ in the three-phase model by Idler et al. [19] (Figure 1; phase 0), and it lacks the
microbial activity that contributes to DML of the wood chips [17,21,26].
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With the rise of ambient temperature above 0 ◦C, the temperature inside the wood chips stor-
age pile also increases as a consequence of the occurring microbial activity [16,17,27,28]. This
second storage phase (Figure 1; phase 1) is called ‘high temperature phase’ in Idler et al. [19],
and it is characterized by a fast rise of the pile temperature up to 50–60 ◦C [13,16–18]. This
rise of temperature inside the storage pile is the result of both chemical and microbial
exothermic reactions that occur in the wood chips when exposed outdoors. However, the
temperature progression may differ depending on, e.g., tree variety, chip size and pile
set-up [13,16,17,29]. The third storage phase proposed by Idler et al. [19] starts when the
pile temperature decreased below 45 ◦C (Figure 1; phase 2). This ‘low temperature phase’
was characterized by a progressive decrease of the pile temperature, that gradually ap-
proached the ambient temperature, in line with the observations by, e.g., Barontini et al. [13],
Manzone et al. [12], and Whittaker et al. [18].
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For example, in storage piles of wood chips from eucalyptus with small size, i.e., P16,
the high temperature phase can last for five months [29]. On the other hand, storage piles
made with larger chips from poplar, i.e., P63 and P45, showed lower increases above ambient
temperature in the phase 1 (Figure 1) that lasted for less than two months [17,30]. Similarly,
when piles were set with wood chips produced from different parts of the trees (e.g.,
stem and crown), the pile temperature differed between the storage piles according to the
different tree fractions [13]. However, even if this high temperature phase (Figure 1; phase 1)
did not last very long, it implied DML of 7–10% for poplar chips stored outdoors [17,30,31].
For example, in the outdoor storage pile of P31 poplar chips done by Pecenka et al. [17],
the high temperature phase lasted approximately for nine weeks. In this period, sampling
was conducted after five and nine weeks from the storage intake, in order to assess DML at
the respective storage times, revealing 5.6% and 9.4% DML, respectively [17].

DML of wood chips stored outdoors in piles can account for up to 47% [17,21–25,29],
although there is a large variability, as reviewed, e.g., in Whittaker et al. [22] and
Therasme et al. [25]. This variability may depend, among many other parameters, on
the size, location and the set-up of the piles [27,29,32,33], and the chip size and the wood
properties determined by, e.g., variety and tree age [13,17,18,24,29]. Furthermore, different
methods used to determine DML [13,24,31,34] may show different DML values. In this
regard, Whittaker et al. [22] provided a comprehensive review of the different parame-
ters used in storage of wood chips and corresponding DML. Likewise, Dimitriou and
Rutz [14] and Veste and Böhm [15] offered comprehensive information about SRC and AFS
in practice.

1.2. Microorganisms and Degradation of Wood Chips

Wood-inhabiting microorganisms involved in the complex and dynamic process of
wood decomposition are bacteria, archaea [35–39], and fungi [36,40,41]. These saproxylic
microbiota possess a variety of hydrolytic and oxidative enzymes to degrade the main
wood components cellulose, hemicellulose and lignin. The primary degradation of wood
is carried out by different fungi, due to their diverse set of enzymes, as well as their
ability to colonize wood with the use of hyphae [42]. The primary wood decomposers
can be classified into white-(degradation of mainly lignin), soft-(degradation of mainly
cellulose) and brown-rot (degradation of mainly cellulose) fungi. Even though bacteria
are able to decompose wood, their contribution to wood degradation is negligible with
respect to the fungal one [36,41,42], as reflected by so far much less scientific attention.
Despite this, there is growing interest on and recent evidence about the role of bacteria
within the wood-decomposition and complex bacteria–fungi interactions governing the
decomposition of dead-wood [43–45]. Bacteria thrive on nutrients available in the wood
cells [35,41] and are able to colonize wood in conditions with low availability of oxygen, or
even in the absence of oxygen (anaerobiosis) [46], which are inhibitory to most fungi [35,47].
Saproxylic bacteria can be classified due to their functional role in wood decomposition
into (i) bacteria that increase the water permeability of wood without affecting its structural
integrity; (ii) bacteria with (albeit limited) decomposition ability; (iii) bacteria that stimulate
fungal decomposition; and (iv) bacteria that inhibit fungal decomposition [35,43].

Among the most abundant and dominant bacterial phyla generally involved in the
complex and dynamic decomposition of dead-wood are the Acidobacteria, Alphaproteobac-
teria, Gammaproteobacteria, Actinobacteria, and Bacteroidetes [43,44]. The abundance of
such microorganisms generally increases with each progressing stage of decomposition.
The dynamic microbial succession is due to changing physico-chemical properties during
dead-wood decay, with nitrogen content and pH among the master-variables shaping the
microbial community in terms of composition and abundance [38,45,48,49]. Actinobacteria
(Actinomycetes), commonly found in soil and in wood in contact with soil [41], form
mycelia-like filaments [41,42]. This explains—also from a morphologic point of view—their
role as wood decomposers, similar to fungi, already in the early stages of decomposi-
tion [42]. On the other hand, most of deadwood-decaying bacteria, including Archaea,
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thrive on fungal metabolites, thus occurring mainly at later stages of wood decomposi-
tion [38]. As already mentioned, among the main driving factors governing the composition
and activity of microbial communities in a wood chip storage pile is the chip size [19,21,30].
For example, the work done by Idler et al. [19] in storage piles of 500–1000 m3 of P31
and P45 poplar chips revealed that mesophilic fungi in small chips (P31) developed in
higher concentration when the pile temperature was relatively low, i.e., between 20 ◦C
and 30 ◦C, and the chips’ MC was below 47%. On the other hand, in larger poplar chips
(P45), mesophilic fungi developed in its maximum at 19–23 ◦C and 28–33% MC [19]. More-
over, the maximum content of mesophilic fungi was clearly lower in the chips with the
larger size P45 than in the small P31 chips (5.8 lgCFU g−1 and 6.9 lgCFU g−1, respectively;
Idler et al. [19]). Furthermore, thermophilic fungi are also present in storage piles of wood
chips, as it was reported in, e.g., Idler et al. [19] and Pecenka et al. [30]. In fact, considering
the elevated temperatures occurring in outdoor piles during storage, thermotolerant and
thermophilic wood-degrading microorganisms play a key role [48,50].

1.3. Aim of This Work

As mentioned before, DML depend on multiple factors such as weather conditions,
pile size and wood variety. At ambient temperatures above 0 ◦C, the fast rise in temperature
occurring in wood chip piles and lasting up to 60–90 days is characteristic for wood chips
from SRC stored and naturally dried in outdoor piles (high temperature phase; Figure 1).
This high temperature phase is of particular interest, because approximately 50% of the
total storage losses occur during this relatively short storage time. To what extent this
temperature rise caused by microbiological and chemical processes leads to DML is not very
well known. Detailed measurements based on frequent sampling at a practice scale are very
labour intensive and potentially lead to disturbances of the microbiological and chemical
processes in the pile. Furthermore, due to the annually changing weather conditions, it is
hardly possible to repeat a storage test under the very same conditions. Therefore, this work
aimed at investigating the possibilities and limitations of setting up laboratory-scale trials,
in order to provide a better understanding of the DML of poplar chips in outdoor storages.

This work focused on the high temperature storage phase (Figure 1; phase 1), and the
trials were set in a storage chamber with controlled temperature and assisted air humidity.
The storage conditions in the chamber were chosen based on previous measurements in
large-scale outdoor storage trials of poplar chips in central Europe (Figure 1). The aim was
to recreate the conditions that wood chips in the inner layers of the pile experience in the
high temperature phase when stored in such outdoor piles. In addition to the measurement
of DML and chips’ MC, microbiological analyses were performed. These analyses aimed to
assess the culturable fraction of the autochthonous saproxylic microorganisms present in
the poplar chips at storage intake and during the storage, as a function of storage conditions
(moisture, temperature) and time. The focus was on xerophilic and mesophilic fungi, and
(actino)bacteria. Xerophilic fungi were of particular interest due to the drying of the chips
during storage.

2. Materials and Methods
2.1. Raw Material and Chip Preparation

The trees used in this work were poplar Max-4 (Populus maximowiczii Henry × Populus
nigra L.) from a SRC plantation established in March 2016 at the Leibniz Institute for
Agricultural Engineering and Bioeconomy (ATB) in Potsdam, Germany (52.49◦ N, 13.01◦ E).
Trees with a stem diameter at the cutting height of 7–10 cm were selected for each trial and
were harvested manually at the times corresponding to each of the trials T1–T3. Table 1
shows the harvesting date and storage times of each trial, as well as the corresponding
samplings and sampling frequencies.
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Table 1. Storage trials T1–T3 and the corresponding samplings.

Trial No.
Harvest and

Storage Intake
(Date)

Storage (Weeks)

Samplings

MC and DML Microbiological
and pH Analyses

Ash and Elemental
Analysis

T1 14 June 2018 6

Storage intake (n = 6;
only MC)

and after 1, 2, 3, 4, 5, and
6 storage weeks (n = 3;
sample bag method)

Chips

Storage intake (n = 2)
and after 6 storage

weeks (n = 3)
Chips and wood and

bark fractions

Storage intake (n = 2)
Chips

T2 20 August 2018 10

Storage intake (n = 6;
only MC)

and after 2, 4, 6, 8, and
10 storage weeks (n = 3;

sample bag method)
Chips

Storage intake (n = 2)
and after 2, 4, 6, 8
and 10 * storage

weeks (n = 3)
Chips and wood and

bark fractions

Storage intake (n = 2)
Chips

T3 16 July 2019 9

Storage intake (n = 6;
only MC)

and after 3, 6, and 9
storage weeks (n = 3;
sample bag method)

Chips

Not performed

Storage intake (n = 2)
and after 3, 6, and 9

storage weeks (n = 3)
Chips

* Microbiological analysis not performed at storage week 10, only pH analysis; MC: moisture content (wet-basis);
DML: dry matter loss.

Before chipping the trees, the leaves were removed to avoid any potential effect on
DML of the wood chips during the storage. The chips were produced with a stationary
woodchipper HE100 500 STA (JENZ GmbH, Petershagen, Germany) equipped with an
automatic feeding chain conveyor, which provided a constant feeding rate into the chipping
drum. Pecenka et al. [43] offered a detailed overview of the woodchipper; however, the
screen used in the outtake by Pecenka et al. [51] was not used in producing the chips of
this work. The produced chips were analysed regarding particle size distribution using the
oscillating screen method (standard EN ISO 17827-1:2016 [52]) and classified according to
the standard EN ISO 17225-1:2014 [53].

The initial MC of the fresh wood chips (MCin) was determined as the mean value of
six samples of 250–450 g using a Sartorius TE3102S balance (Göttingen, Germany) with
the oven dry method at 105 ◦C based on EN ISO 18134-2:2017 [54]. The chips undergoing
storage used the method based on sample bags, which is often used to calculate DML of
wood chips in large outdoor storage trials (e.g., [26,27,30]). Sample bags were prepared
right after the chipping process, each one containing about 2 kg of wood chips, and the
mass of each sample bag was measured individually (min; excluding the mass of the net
bag) using a Sartorius BP 12000-S balance (Göttingen, Germany).

2.2. Testing Set-Up and Sampling for the DML Calculations

The storage trials were done in a programmable incubation chamber Binder KB-400
(Binder, Tuttlingen, Germany) providing a storage volume of 400 L. The set-ups used
are shown schematically in Figure 2. When using such a closed chamber for storage
investigations at lab-scale, the conditions that prevail inside a storage pile in the first few
weeks after harvest in winter at practice scale should be reproduced as close as possible.
This can avoid some of the important known problems of outdoor storage trials with wood
chips at a practice scale, such as the large heterogeneity of samples received from a large
storage pile or the very labour-intensive sampling. Accordingly, before starting the storage
trials, the chamber was pre-conditioned at 5 ◦C, to start the trials at similar conditions to
outdoor storage trials when harvesting in winter. At these conditions, the prepared sample
bags were placed in the storage chamber, distributing the three sample bags corresponding
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to each sampling time in different shelves, and left overnight (about 15–18 h) to condition
the poplar chips at 5 ◦C.
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(a) Set-up used in trials T1 and T2 with water containers placed in the chamber, and (b) set-up using
a humidifier in trial T3. T: temperature; RH: relative humidity; SB: sample bag.

The programmed storage plan started by progressively rising the chamber temperature
from 5 ◦C to 55 ◦C during the first 48 h. Afterwards, the chamber temperature was kept
constant at 55 ◦C for the rest of the storage experiment, i.e., six weeks (Trial T1 in Table 1),
nine weeks (Trial T2 in Table 1) or ten weeks (Trial T3 in Table 1). The internal fan of the
incubation chamber was set at the minimum speed of the chamber control, which was
620 rpm (measured with a hand-held tachometer, model 6611, from Veeder-Root GmbH,
Neuhausen, Germany). This configuration allowed minimized air circulation inside the
chamber and, on the other hand, contributed to having comparable storage conditions for
all sample bags in the chamber.

Two storage set-ups were evaluated in order to assist in having a high humidity
atmosphere inside the chamber, comparable to the moisture conditions in outdoor piles. In
the trials T1 and T2 (Table 1), four containers with distilled water placed inside the chamber
were used (Figure 2a). In the alternative set-up, trial T3, we used an in-house developed
humidifier (Figure 2b). This humidifier was actively transferring moisture to the chamber
atmosphere, and was equipped with a water refilling system to assure a sufficient water
supply (Figure 3). An Almemo ZA 9020-FS Thermo R2E4 sensor was used in the trials to
measure the temperature inside the storage chamber, and the relative humidity (RH) was
measured with Almemo FHAD36RAS (trials T1 and T2) and Almemo FH0D46C sensors
(trial T3), together with an Almemo 3290-8 datalogger. The sensors and the datalogger
were manufactured by Ahlborn Mess-und Regelungstechnik (Holzkirchen, Germany).
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The method to calculate DML was done according to the Equation (1), with the MC
and the masses of the sample bags at the storage intake and at the sampling time (after
storage). The mass of the net bag was subtracted from the mass measurements, and the
calculations were done only considering the mass of the chips contained in each sample bag.
At each sampling time (see Table 1), the corresponding sample bags were unloaded from
the chamber and the mass of each sample bag was measured (mout,i; excluding the mass
of the net bag). Right after opening the sample bags and before any further manipulation,
the sampling for the microbiological and pH analyses was done (see Section 2.3). With the
remaining material, the MC of the chips (MCout,i in the Equation (1)) was determined for
each sample bag and expressed as the mean value (n = 4), using the oven dry method at
105 ◦C.

DML i =

[
1 − mout, i (100 − MCout,i)

min(100 − MCin)

]
× 100 (1)

where
DMLi, dry matter loss of the chips in the sample bag at the storage time i [%];
min, wet mass of the chips at the storage intake (excluding the net bag) [kg];
mout,i, wet mass of the chips after storage at the time i (excluding the net bag) [kg];
MCin, MC (wet-basis) of the chips at the storage intake [%]; and
MCout,i, MC (wet-basis) of the chips in the sample bag after storage, at the time i [%].

2.3. Microbiological and pH Analyses

The sampling for the microbiological and pH analyses was done in the trials T1 and
T2. For these analyses, not only the wood chips, but also wood and bark fractions of the
same sample bags were investigated, due to the different nature and chemical composition
of both materials. Therefore, herein, the terms ‘wood chips’ or ‘chips’ refer to the entire
material as obtained after the chipping process (Section 2.1), i.e., containing wood and bark.
On the other hand, the term ‘wood’ refers to the wood fraction of the chips, i.e., resulting
after removing the bark from the chips; likewise, the term ‘bark’ refers to the bark fraction
prepared from the chips after removing the woody parts, and so containing only bark.

The sampling at the storage intake was done preparing two sets (n = 2) of the analysed
samples (i.e., chips, wood, and bark; Table 1) and the mean is reported herein. The sampling
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of the bags undergoing storage was done right after opening the sample bags and before
any further manipulation of the chips; from each sample bag, the sampling of the chips,
wood and bark was prepared (Table 1) separately. Each sampling time included three
sample bags (n = 3; Table 1), in order to report the means for the chips, and the fractions of
wood and bark, separately (Table 1). The chips, wood and bark pieces were cut manually
into smaller pieces (maximum size of 1 cm × 1 cm × 1 cm), avoiding any contamination.

Microbiological analysis consisted of dilution plating to assess the culturable fraction
of the wood chip-inhabiting microbiota (saproxylic microbiota) as a function of storage
conditions (temperature, moisture) and time. We used 20 g each of the cut chips, wood
and bark, which were analysed separately. The samples were transferred to Erlenmeyer
flasks containing 180 mL of sterile Ringer’s solution (Merck, Darmstadt, Germany) and
shaken at room temperature for 30 min in an orbital shaker TR-125 (Infors AG, Bottmingen,
Switzerland) at 180 rpm. Afterwards, a 1:10 dilution series was prepared in Ringer’s
solution and, from the dilution series, aliquots of 100 µL were plated on the respective
nutrient agars.

The wood chip samples were screened for their saproxylic microbiota discriminat-
ing fungi (mesophilic; xerophilic) and bacteria. Mesophilic fungi were isolated using
selective malt extract agar (MEA; Merck, Darmstadt, Germany) containing 0.01% chlo-
ramphenicol (Fluka, Ulm, Germany), and incubated aerobically for seven days, at 25 ◦C
in dark conditions. Dicloran glycerol agar (DG18; Oxoid, Hampshire, UK), a low water
activity medium [55], was used for isolation and enumeration (CFUs) of xerophilic fungi
under the conditions described before. The agar used to investigate mesophilic bacteria
was plate count agar (PCA; Merck, Darmstadt, Germany), and the plates were incubated
aerobically at 25 ◦C in dark conditions for four days. Under the same conditions, the
presence of actinobacteria was investigated using casein-soja-pepton-agar (CASO; Merck,
Darmstadt, Germany).

After the incubation period, all colonies were counted as colony forming units (CFU)
per gram of sample (CFU g−1; wet basis) and expressed as logarithmic values to base
10 (lgCFU g−1). Plates prepared for mesophilic and xerophilic fungi with fewer than
10 colonies or exceeding 150 colonies per plate were excluded from the calculations. Like-
wise, for mesophilic bacteria and actinobacteria, the plates containing less than 10 or more
than 300 CFUs were not considered for the quantitative assessment. The detection limit
was 100 CFU g−1, and in case the plate of the first dilution did not present any colony of
the target microorganism, the value of 99 CFU g−1 (i.e., 2 lgCFU g−1) was assigned. This is
the minimum content of microorganisms that is possible to detect in a sample according to
our methods applied for the sample preparation [19].

The pH analysis used 10 g of the cut materials mentioned above, i.e., chips, wood and
bark, and the analysis was done separately for each prepared sample (see Table 1) according
to DIN 38404-5:2009 [56]. The material was placed in an Erlenmeyer flask containing 100 mL
of distilled water, and the mixture (1:10 wt/v) was shaken at 180 rpm for 15 min at room
temperature in the orbital shaker mentioned before. Afterwards, the pH was measured
with a WTW 3210 pH meter (Xylem Analytics, Weilheim, Germany).

2.4. Elemental and Ash Analyses

Ash and elemental analyses were performed to have a basic information about the
material properties. Chips used previously to calculate the MC, at the storage intake and at
the different storage times, were used, afterwards, in the elemental and ash analyses (see
Table 1). For these analyses, the chips were ground to the maximum size of 1 mm using a
Pulverisette 15 cutting mill (Fritsch, Oberstein, Germany).

The elemental analyser Vario EL III (Elementar Analysensysteme GmbH, Langensel-
bold, Germany) was used to perform the elemental analysis according to VDLUFA:1997 [57].
For each sample (see Table 1), two tin boats of 6 mm × 6 mm × 12 mm (article S22 137 419,
Elementar Analysensysteme GmbH, Langenselbold, Germany) were prepared, each one
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containing 10 mg of the ground chips; therefore, the percentage of C, H, N and S is herein
reported as a mean value (n = 2).

The ash content analysis was done with 2.5–5 g of the ground chips according to EN
ISO 14775:2009 [58]. One measure was done for each prepared sample of the ground chips
at the storage intake and the different storage times (Table 1).

2.5. Statistical Analysis

It was investigated for MC, DML, microbiological parameters and pH value whether
the mean values of the measurement series differ significantly over storage time (p < 0.05).
The mean value comparisons between weeks and trials, as well as between weeks and
materials (chips, wood, bark), were carried out using the single values. The interactions
week–trial and week–material were considered. For the evaluation, the procedure GLIM-
MIX of the statistical software SAS (Version 9.4, SAS Institute, Cary, NC, USA) was used in
order to carry out a two factorial ANOVA.

3. Results and Discussion
3.1. Particle Size Distribution

Figure 4 shows the particle size distribution of the poplar chips used in each of the
storage trials T1, T2 and T3 (Table 1), which complied with the wood chip class P31
according to EN ISO 17225-1:2014 [53]. The analysis of the particle size distribution showed
no significant differences for the wood chips used for the trials T1–T3.
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3.2. MC and DML of Poplar Chips, and RH Values, in the Storage Trials

Table 2 shows MC and DML values of the three storage trials T1, T2 and T3, as well
as the RH measured during the storage trials. As supplementary information, detailed
MC and DML obtained in the trials T1–T3 are reported in Appendix A (Tables A1–A3).
The sample bags yielding a negative DML were considered as an experimental error and,
consequently, excluded from the calculations. This was the case for one sample bag at
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the storage week 2 in the trial T2, that resulted in −2.1% DML (Table A2; Appendix A);
therefore, the MC and DML of this storage week 2 in trial T2 is the mean of two sample
bags (n = 2).

Table 2. MC, DML and RH of poplar chips of the storage trials T1–T3. MC and DML expressed as
mean (n = 6 and n = 3 at the storage intake and storage times, respectively) ± standard deviation (SD).

Trial T1 Trial T2 Trial T3

Storage
Time

(Weeks)
MC (%) DML (%) RH (%) MC (%) DML (%) RH (%) MC (%) DML (%) RH (%)

Storage
intake, 0 56.8 ± 0.7 ab 0.0 A 92.7% 52.3 ± 0.7 ab 0.0 a 88.0% 58.3 ± 0.7 a 0.0 A

98.5 to
100%

1 52.7 ± 1.0 4.2 ± 0.4 95.6% - - 95.0% - -
2 47.8 ± 1.7 abc 6.4 ± 0.9 BC 93.9% 44.4 ± 0.5 bcd 0.6 ± 0.5 A 93.3% - -
3 39.5 ± 1.3 7.5 ± 0.6 93.9% 91.6% 44.3 ± 1.3 11.0 ± 1.3
4 32.4 ± 3.9 de 9.8 ± 0.9 CD 94.2% 37.8 ± 6.2 dc 5.0 ± 0.8 B 91.2% - -
5 25.1 ± 2.5 8.3 ± 0.8 93.6% - - 90.4% - -
6 21.3 ± 1.6 efg 8.8 ± 0.8 CD 92.7% * 23.5 ± 3.2 ef 8.1 ± 1.4 BC 90.3% 31.9 ± 8.6 ed 11.6 ± 2.1 DE

7 - - - - - 89.0% - -
8 - - - 17.0 ± 0.8 fg 9.4 ± 0.6 CD 85.6% - -
9 - - - - - 70.4% 24.5 ± 4.7 ef 13.7 ± 0.3 E

10 - - - 9.9 ± 0.3 g 9.3 ± 1.2 CD 64.2% - -

* Due to sensor failure, this RH value corresponds to two days before the end of the storage (week 6); MC: moisture
content (wet-basis); DML: dry matter loss; RH: relative humidity; significant differences between trials and over
storage are marked by different small letters for MC and different capital letters for DML (GLIMMIX, SAS 9.4).

The initial MCin of the poplar chips were 56.8%, 52.3% and 58.3% (Table 2), respectively,
for the trials T1, T2 and T3 (Table 1), which are in line with the wet-basis MC of poplar
chips at harvest reported by, e.g., Barontini et al. [13], Pecenka et al. [30] and Pari et al. [24].
At the end of the respective six, ten and nine storage weeks, the wood chips showed a
significantly reduced MC of 21.3%, 9.9% and 24.5% (p < 0.05; trials T1, T2 and T3 in Table 2),
which represented a decrease of 5.9%, 4.2% and 3.8% MC per week on average (MCPWAV),
respectively. The lowest MCPWAV obtained in the trial T3 (i.e., 3.8% MCPWAV) suggested
the impact of assisting the storage trial with a humidifier (Figure 2b).

Focusing on the six initial storage weeks allowed a better comparison of the results.
Table 2 shows that chips’ MC decreased by 5.9% and 4.8% MCPWAV in the initial six storage
weeks (trials T1 and T2 in Table 2). The lowest value, however, was obtained in trial T3,
i.e., 4.4% MCPWAV (from storage intake to storage week 6; Table 2), which indicated the
impact of using the humidifier on lowering the rate at which chips lose MC. However, no
significant differences could be detected for MC among all trials T1–T3 at storage week 6
(p < 0.05). Moreover, all these MCPWAV of 4.4% to 5.9% in the initial 6–10 weeks showed a
faster reduction in MC compared to practice storage trials of poplar chips in outdoor piles.
Lenz et al. [26] measured 1.7% MCPWAV in the initial six storage weeks of fine P31 poplar
chips, and 2.2% MCPWAV was reported by Pecenka et al. [17] in the initial nine storage
weeks at practice conditions. This shows the slower drying rate of wood chips in outdoor
storage piles at practice scale compared to chips investigated in the storage chamber trials
T1–T3 at laboratory scale, and it highlights a limitation of the set-up used in the trials T1–T3
(Table 1).

After six storage weeks, the chips’ wet-based MC in trials T1 and T2 were 21.3% and
23.5%, respectively (Table 2). These values correspond to 27.1% and 30.7% dry-basis MC
(MCDB), which are close to the fibre saturation point (FSP) of poplar wood, i.e., 32–35%
MCDB [59], and in agreement to the range of FSP reported in literature for wood, i.e.,
21–35% MCDB [59–61]. FSP in wood is the MC point at which the wood cell lumen is
empty of water while the wood cell wall is water saturated [59,60], both named respectively
‘free water’ and ‘bound water’ [59,60]. The total value of FSP varies depending on wood
species [59,61]. Moreover, FSP values reported in literature refer to ‘only wood’ specimens,
whereas the MC values reported in Table 2 refer to the ‘whole chip’, i.e., containing wood
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and bark. However, the chips’ MC in trials T1 and T2 after six weeks of storage, were in the
range of the FSP data reported in literature. This might indicate that poplar chips in the
trials T1 and T2 had very little free water in the cell lumens at this storage time.

On the other hand, at the storage week 6, chips in trial T3 showed a MC of 31.9%
(Table 2), which equals to 46.8% MCDB. This value is clearly higher than the FSP of 32–35%
MCDB for poplar wood [59], and it might indicate that chips in trial T3, at the storage
week 6, still contained free water in the cell lumen. As long as the chips’ MC is above
the FSP, it can be assumed that a reduced availability of water is not a limiting factor
for microbiological degradation processes in the chips [19,41]. Furthermore, these results
suggest the suitability of the set-up assisted with the humidifier, in order to resemble the
conditions that wood chips undergo during the initial storage weeks in outdoor piles.

DML of Poplar Chips

Focusing on DML, the three trials T1–T3, despite having some similitudes, did not
follow a similar progression. For example, the DML of both trials T1 and T2 (Table 2)
stabilized between 8.1% and 9.8%, regardless of the storage time. The stabilisation of DML
in both trials T1 and T2 occurred approximately at the same time as the MC decreased
to values near the FSP (Table 2). On the other hand, chips in the trial T3 showed 11.0%
DML (Table 2) already at the storage week 3, which was higher than the DML measured
in the storage trials T1 and T2 (see Table 2), and increased up to 13.7% at the end of the
nine-week storage (Trial T3; Table 2). Results presented in Table 2 suggest that the high
RH provided by the humidifier used in the trial T3 (Figure 2b) might contribute to higher
DML in the wood chips stored in the trial T3 when compared to the trials T1 and T2. The
statistical analysis of the results has shown that DML increased for all trials with storage
time. While significant differences were found for the DML between trial T2 and T3 at
the storage week 6, these were not visible comparing trial T1 and T3, as well as T1 and
T2 (Table 2). However, the number of repetitions (n = 3) in every trial was limited due to
the limited volume of the storage chamber, and a higher number of samples would have
provided statistically more robust results.

The DML results obtained in the trial T3 (Table 2) were closer to the DML reported for
outdoor pile storages, e.g., approximately 10% for the initial storage phase of 9–12 weeks
in 500 m3 storage piles of P31 poplar chips [17,30]. This would suggest that the use of the
humidifier in the storage set-up of trial T3 (Figure 2b) is more suitable for storage trials at a
laboratory scale.

3.3. Microbiological and pH Analysis

The results of the microbiological analyses done in the storage trials T1 and T2 (Table 1)
are shown in Figure 5a–d, corresponding to mesophilic fungi, xerophilic fungi, mesophilic
bacteria and actinobacteria, respectively. Detailed numerical values are presented in Ap-
pendix B (Tables A4 and A5).

Our isolation/cultivation experiments revealed that xerophilic and mesophilic fungi,
and mesophilic bacteria and actinobacteria, were present in the fresh poplar chips at the
storage intake, for both trials T1 and T2 (Figure 5a–d). The statistical analysis showed no
significant differences between the trials (p < 0.05). However, the number of mesophilic
bacteria and actinobacteria (Figure 5c,d, respectively) present in the chips at the storage
intake were higher than the number of mesophilic fungi and xerophilic fungi (Figure 5a,b,
respectively). Whilst the number of mesophilic fungi and xerophilic fungi were in the
range of 3–5 lgCFU g−1, mesophilic bacteria and actinobacteria showed numbers between
4 lgCFU g−1 and 7 lgCFU g−1 (Figure 5).
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As a function of progressing wood decomposition during storage, bacteria and fungi
trends became evident (Figure 5). Mesophilic bacteria and actinobacteria, despite showing
a decrease over the course of storage, remained detectable until the end of storage, in both
trials T1 and T2 (Figure 5c,d, respectively). This decrease over storage time proved to be
significant for trial T1, but was not significant if all results from T1 and T2 were analysed
together. On the other hand, xerophilic and mesophilic fungi (Figure 5a,b, respectively)
dropped to the detection limit (i.e., 2 lgCFU g−1) during storage. One exception was at
the storage week 6 in trial T2, where chips, wood and bark samples showed a presence of
mesophilic fungi (Figure 5a) between 3 lgCFU g−1 and 4 lgCFU g−1. This trend proved to
be significant for both trials and all investigated fungi, if the outlier for mesophilic fungi in
trial T2 at storage week 6 was excluded from the statistical analysis. However, this peak
could be attributed to spores present in the sample at the sampling time, that started to
grow during the lab analyses when the optimal conditions were provided. Furthermore, in
line with our findings, the results of Idler et al. [19] for trials with P45 poplar chips stored
outdoors demonstrated the presence of mesophilic fungi of around 3 lgCFU g−1 during
the initial 50 storage days at pile temperatures of 45–55 ◦C. This might explain the peak of
mesophilic fungi observed at the storage week 6 in trial T2 (Figure 5a).
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The decrease in the observed number of bacteria and fungi is a consequence of the test
temperature being 55 ◦C. This temperature is too elevated for mesophilic microorganisms
growing at temperatures between 20 ◦C and 50 ◦C and it is selective for thermotolerant and
thermophilic microorganisms. The thermophilic phase is characterized by temperatures
up to 50 ◦C or even 75 ◦C [62]. In fact, the temperature is a major abiotic factor selective
for the majority of environmental microorganisms. Zöhrer et al. [48] investigated the
fungal and bacterial community of poplar wood chips stored in 2019 in Austria by high
throughput next-generation sequencing over a storage period of 120 days. Their research
revealed a dynamic shift of the bacterial and fungal community over time being mainly a
result of the storage temperature, pH and nutrient availability. After storage intake, and
long-term storage relative abundancy of the predominant species decreased. However, it
must be taken into account that molecular analyses based on the extraction of microbial
DNA are culture independent. Furthermore, these techniques reveal all microorganisms,
independent of their physiological status, not discriminating between living, dormant (e.g.,
spores) and dead microbial cells. In contrast, culture dependent methods, such as agar
plate cultivation techniques which have been used here, are restricted to the cultivable
fraction of the microbiota, embracing only a small fraction (1–10%) of the overall (soil)
microbiota [63,64].

Comparing the results of the microorganisms isolated from the wood and bark frac-
tions (Figure 5) at the storage intake, the presence of mesophilic fungi, xerophilic fungi,
mesophilic bacteria and actinobacteria was generally significantly higher in bark than
in wood. However, at the end of the storage trials, the wood fraction showed a higher
presence of mesophilic bacteria and actinobacteria when compared to bark (Figure 5c,d,
respectively), for both trials T1 and T2. On the other hand, mesophilic and xerophilic
fungi (Figure 5a,b, respectively) decreased to the detection limit. However, at the end of
the storage trial T1 (i.e., six weeks), xerophilic fungi showed a presence of 2.3 lgCFU g−1

in the bark fraction (Table A4; Appendix B), while they decreased to the detection limit
in the respective wood fraction (Figure 5b). The varying presence of microorganisms in
wood and bark fractions can be attributed to differences in environmental conditions of the
different wood fractions being already apparent at storage intake. In particular, the tree
characteristics such as wood density, wood composition (regarding the different carbohy-
drates and lignin), as well as pH, shape the microbial communities and in turn determine
the decomposition rates of different wood fractions [65–67]. Due to the complex structure
of bark with a higher content of sugars and nutrients compared to heart- and sapwood,
it hosts a diverse microbiological community with an especially high fungal species rich-
ness and higher abundancies [68]. However, in order to further interpret our complex
and changing storage-condition dependent findings revealed by cultivation techniques,
molecular analysis is needed.

pH Results

The results of the pH analysis showed that, at the storage intake, the pH of the chips
in trials T1 and T2 were similar (i.e., 5.9 and 6.0, respectively; Figure 6). Moreover, wood
fractions in both trials T1 and T2 showed slightly higher pH than bark fractions (6.0–6.2
and 5.7–5.8, respectively; Figure 6). However, the statistical analysis has demonstrated
that differences between the fractions were not significant at storage intake (Table A6,
Appendix B). Whereas, for trial T1, the pH values were measured at the storage intake and
at the end of the trial only, the results presented for the trial T2 (Figure 6) allowed a more
detailed analysis, due to the two-week sampling frequency used in trial T2 (Table 1).
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Figure 6. The pH data of wood chips as a function of storage trials (T1 and T2) and time (0–10 weeks);
presented as mean (n = 2 and n = 3 for the storage intake and storage times, respectively) ± stan-
dard deviation.

The pH values of the wood chips in the trial T2 increased between storage intake
and storage week 8 (from 6.0 to 6.4; Figure 6), similarly to trial T1, where a pH of 6.8 was
reached after six weeks of storage. However, the two-week sampling frequency used in the
trial T2 allowed the observation that, in the initial two storage weeks, the pH decreased
significantly to 5.0–5.2 for all the analysed samples, i.e., chips, wood and bark (Figure 6 and
Table A6, Appendix B). This can be attributed to acidification by microorganism, especially
brown-rot fungi, producing organic acids [69]. In their work, Humar et al. [69] compared
pH values of wood with the rate of decay by different fungi, showing a significant pH
drop before mass loss was exhibited. The pH reduction was caused by the production
of oxalic acid by brown-rot fungi, playing an important role in the non-enzymatic stage
of decay. After the storage week 2, the pH of chips, wood and bark in trial T2 increased
up to values of 6.3–6.4 (Figure 6); however, although wood and bark followed a similar
progression, they slightly differed in pH. The decrease of pH in the initial two storage
weeks in trial T2 resembled the results reported in Pecenka et al. [17]. This study observed
a similar decrease of the pH from 6.37 to 5.06 in the initial five storage weeks of P31 poplar
chips stored in outdoor piles, followed by an increase to 7.48 in the following two months.
Additionally, Humar et al. [69] showed that some wood-degrading fungal species, such as
Schizophyllum commune, caused an increase in wood pH, since this fungi prefer pH values
in the range of pH 5 and 7 [69]. Based on the fact that pH is among the most prominent
factors shaping microbial communities, the observed changes in pH during the storage
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could have induced the observed shifts in the microbial community during the storage
trial (Figure 6). During the initial stage with high dry matter losses, brown-rot fungi in
particular produce an acidic environment for degrading wood cellulose; whereas, in later
stages of lower degradation rates, fungi preferring higher pH values take over.

3.4. Ash and Elemental Analyses

Table 3 shows the results of the ash content and elemental analyses of the poplar chips
of storage trials T1–T3, and the complete dataset of the elemental and ash analyses is shown
in Appendix C (Table A7).

Table 3. Results of the elemental and ash analyses of poplar chips. (Mean ± standard deviation).

Trial Storage Time
(Weeks) n Ash (%) * C (%) * H (%) * N (%) * S (%) * C:N Ratio **

T1 Storage intake, 0 2 2.34 ± 0.05 52.07 ± 0.03 4.79 ± 0.01 0.305 ± 0.001 0.119 ± 0.004 171:1 ± 0
T2 Storage intake, 0 2 2.22 ± 0.05 52.32 ± 0.18 4.85 ± 0.05 0.294 ± 0.043 0.113 ± 0.000 182:1 ± 27:1

T3

Storage intake, 0 2 3.12 ± 0.16 51.36 ± 0.08 4.65 ± 0.04 0.274 ± 0.008 0.107 ± 0.004 187:1 ± 5:1
3 3 2.71 ± 0.14 51.91 ± 0.06 4.76 ± 0.06 0.328 ± 0.047 0.111 ± 0.006 161:1 ± 21:1
6 3 3.19 ± 0.21 51.68 ± 0.15 4.65 ± 0.03 0.272 ± 0.035 0.105 ± 0.007 194:1 ± 28:1
9 3 2.97 ± 0.47 51.50 ± 0.12 4.71 ± 0.04 0.326 ± 0.022 0.107 ± 0.004 159:1 ± 12:1

* Expressed as percentage of the dry matter fraction; ** C:N ratios calculated as the mean value of the C:N ratios of
the single measures.

The ash contents at the storage intake of the trials T1–T3 (Table 3) are within the range
of literature data for poplar chips, i.e., 2–3.02% [13,17,24,31]. Moreover, the analysis at
different storage times in the storage trial T3 showed that the progression of the ash content
oscillated between 2.71% and 3.19% (Table 3). These results differ from the trend reported
in literature for chips stored in piles outdoors, that showed that ash content increased
with increasing storage time [13,24,31]. For example, Pari et al. [24] investigated storage
of poplar chips produced from the stem showing an initial ash content of 3.02%, whereas,
after 18 months of storage, this value increased to 3.36%. Similarly, Lenz et al. [34] analysed
the ash content of P31 poplar chips stored outdoors for nine months and found that the
ash content increased from 2.07% at the storage intake to 2.81% at the end of the storage.
However, our reported ash contents (Table 3) are still in the typical range for poplar wood
from SRC.

Results from the elemental analysis of the trials T1–T3 (Table 3) showed that C:N
ratios at the storage intake were between 171:1 and 187:1, being in the typical range for C:N
ratios reported in literature for poplar chips, which range from 113:1 to 224:1 [17,24,26,70].
Moreover, C:N ratios at different storage times in trial T3 (Table 3) did not show a clear
trend and oscillated in the same range of the above reported literature.

3.5. Limitations of the Storage Chamber Trials

The experiments have shown that the storage conditions which occur inside of a large
wood chips pile under practice conditions after harvesting in winter in central Europe can
be reproduced well with the investigated storage chamber set-up, particularly when using
the humidifier (Figure 3). As shown, DML, pH and the development of microorganisms
are within the ranges that are known from other outdoor storage experiments with poplar
wood chips under comparable temperature–humidity conditions [13,17–19,26]. However,
as mentioned before, the MC in the chamber set-ups decreased slightly faster than in
outdoor storage trials. In addition, not all influencing variables that are effective in practice
could be recreated accordingly. These are, in particular, the influence of changing weather
conditions, such as heat transfer due to solar radiation, rewetting from rain, changing
air flow conditions due to pile compaction as a result of large pile sizes, or changing gas
concentrations in the pile (e.g., CO2 and O2) due to microbiological–chemical degradation
processes [22,26]. However, the influence of changing weather conditions in particular is
limited to the outer pile layers and has only little influence on the processes inside large
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wood chip pile which have been the focus of the experiments presented here [18,22,34].
For reliable statistical evaluation, a larger volume of storage chamber should be used, in
order to be able to increase the number of samples per each sampling date. Furthermore,
even if no negative effects of opening the door during sampling could be determined,
additional measures to reduce the air exchange during sampling and to monitor the testing
atmosphere inside the chamber appear to be advisable as well.

4. Conclusions

The three storage trials presented in this work were conducted to investigate DML
occurring in poplar chips in the early (high temperature) storage phase, using a laboratory
set-up in a chamber under controlled temperature. This experimental set-up enabled
regular sampling at short intervals during wood chip storage, and thus contributed to a
better understanding of processes occurring during storage of poplar chips. The use of
an incubation chamber seemed a good starting method for this purpose. In addition, the
assistance of a humidifier proved to be a good system to keep a high RH, i.e., resembling
the conditions that wood chips in outdoor storage piles undergo during the early storage
phase (phase 1). Results showed that DML of 8.8–13.7% occurred in the poplar chips stored
in the chamber for 6 to 10 weeks, which is a substantial portion of the total DML reported
for outdoor storages of wood chips, that may account for up to 47% DML in storage
piles set for 6–12 months. Microbiological results showed good correlation with results
from a practice scale for the aspects considered in this work. Thus, overall, the storage
chamber set-up has the potential to gain new and much more detailed information about the
microbiological and chemical processes during storage. However, further research coupling
isolation-cultivation techniques and cultivation independent molecular techniques (high
throughput next generation sequencing) is needed, in order to unravel the complex and
dynamic microbial processes (microbial succession) during storage. In conclusion, this
work highlighted the possibilities of setting up such laboratory scale storage trials, in
order to investigate the DML occurring in wood chips when drying in outdoor storage
piles. Compared to large practice scale experiments, the proposed setting enables a better
monitoring of the overall system under controlled conditions, and a more accurate sampling
at shorter time intervals with a significantly reduced workload. The potential of the
proposed laboratory scale set-up could be further improved by implementing additional
storage parameters into the monitoring. For example, monitoring and control of CO2
and O2 concentrations would be suitable in order to simulate storage conditions even
more accurately.

Author Contributions: Conceptualization, A.H.-E., R.P., S.D., H.L., C.I. and T.H.; methodology,
investigation and validation, A.H.-E., R.P., S.D., J.A.-J., H.L., C.I. and T.H.; writing—original draft
preparation, A.H.-E. and R.P.; writing—review and editing, A.H.-E., R.P., S.D., J.A.-J., H.L., C.I. and
T.H.; supervision, R.P. and C.I.; funding acquisition, S.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Austrian Research Promotion Agency (FFG), Energieforschung
program, project number 858837. The publication of this article was funded by the Open Access Fund
of the Leibniz Association, Germany.

Institutional Review Board Statement: Not applicable.

Acknowledgments: Teodor Teodorov, Peter Kaulfuß and Helmuth Carl (ATB) are thanked for the
technical assistance in performing the storage trials. Katrin Busse (ATB) is thanked for performing the
microbiological analyses. Miriam Felgentreu, Mandy Jäkel and Giovanna Rehde (ATB) are thanked
for conducting the ash and elemental analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Forests 2022, 13, 459 17 of 23

Appendix A

Table A1. Moisture content and dry matter losses of the sample bags in trial T1.

MCin = 56.8% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

1

1 53.8 4.1
2 51.3 3.9
3 53.1 4.7

Mean ± SD 52.7 ± 1.0 4.2 ± 0.4

2

1 50.1 7.4
2 46.6 5.3
3 46.6 6.6

Mean ± SD 47.8 ± 1.7 6.4 ± 0.9

3

1 40.6 8.0
2 40.2 7.6
3 37.7 6.7

Mean ± SD 39.5 ± 1.3 7.5 ± 0.6

4

1 35.7 10.7
2 34.7 10.0
3 27.0 8.6

Mean ± SD 32.4 ± 3.9 9.8 ± 0.9

5

1 21.6 7.8
2 27.4 9.4
3 26.4 7.7

Mean ± SD 25.1 ± 2.5 8.3 ± 0.8

6

1 21.8 8.5
2 19.1 8.1
3 22.9 9.9

Mean ± SD 21.3 ± 1.6 8.8 ± 0.8

MCin: moisture content (wet-basis) of poplar wood chips at the storage intake; MCout: moisture content (wet-basis)
of poplar wood chips at the sampling time; DML: dry matter loss; SD: standard deviation.

Table A2. Moisture content and dry matter losses of the sample bags in trial T2.

MCin = 52.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

2

1 45.0 1.1
2 43.9 0.1
3 39.9 * −2.1 *

Mean ± SD 44.4 ± 0.5 0.6 ± 0.5

4

1 43.1 3.8
2 41.3 5.8
3 29.1 5.2

Mean ± SD 37.8 ± 6.2 5.0 ± 0.8

6

1 25.0 10.0
2 26.4 7.6
3 19.1 6.7

Mean ± SD 23.5 ± 3.2 8.1 ± 1.4
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Table A2. Cont.

MCin = 52.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

8

1 17.6 9.2
2 15.9 8.9
3 17.6 10.2

Mean ± SD 17.0 ± 0.8 9.4 ± 0.6

10

1 10.3 9.7
2 9.7 7.7
3 9.8 10.6

Mean ± SD 9.9 ± 0.3 9.3 ± 1.2

* Experimental error; results excluded from the analysis; MCin: moisture content (wet-basis) of poplar wood chips
at the storage intake; MCout: moisture content (wet-basis) of poplar wood chips at the sampling time; DML: dry
matter loss; SD: standard deviation.

Table A3. Moisture content and dry matter losses of the sample bags in trial T3.

MCin = 58.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

3

1 44.5 12.0
2 45.8 11.8
3 42.5 9.3

Mean ± SD 44.3 ± 1.3 11.0 ± 1.3

6

1 28.0 13.6
2 43.9 12.4
3 23.9 8.7

Mean ± SD 31.9 ± 8.6 11.6 ± 2.1

9

1 21.1 13.9
2 31.1 13.2
3 21.1 13.9

Mean ± SD 24.5 ± 4.7 13.7 ± 0.3

MCin: moisture content (wet-basis) of poplar wood chips at the storage intake; MCout: moisture content (wet-basis)
of poplar wood chips at the sampling time; DML: dry matter loss; SD: standard deviation.

Appendix B

Table A4. Results of the microbiological analysis of chips, wood and bark in trial T1; presented as
mean ± standard deviation, both in colony forming units per gram of sample (CFU g−1). In brackets,
the mean is expressed as logarithmic to base 10 (lgCFU g−1). Different small letters indicate significant
differences between storage intake and end of storage (p < 0.05). Different capital letters indicate
significant differences between wood fractions at storage intake respectively at week 6 (p < 0.05).

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Storage
intake, 0

Chips 3.5 × 103 ± 5.0 × 102

[3.5] a A
7.0 × 103 ± 2.0 × 103

[3.8] a A
3.0 × 105 ± 9.0 × 104

[5.5] a A
2.7 × 105 ± 7.5 × 104

[5.4] a A

Wood 2.5 × 103 ± 5.0 × 102

[3.4] a A
1.4 × 103 ± 4.0 × 102

[3.1] a A
5.7 × 104 ± 1.1 × 104

[4.8] a A
5.3 × 104 ± 1.2 × 104

[4.7] a A

Bark 8.5 × 103 ± 4.5 × 103

[3.9] a A
2.1 × 104 ± 4.5 × 103

[4.3] a A
5.4 × 105 ± 1.5 × 105

[5.7] a A
5.9 × 105 ± 1.7 × 105

[5.8] a A
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Table A4. Cont.

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

6

Chips ND b A ND a A 1.2 × 105 ± 3.2 × 104

[5.1] a A
9.5 × 104 ± 6.3 × 104

[5.0] a AB

Wood ND b A ND a A 3.1 × 105 ± 8.1 × 104

[5.5] a B
3.2 × 105 ± 1.1 × 105

[5.5] a B

Bark 1.3 × 102 ± 4.8 × 101

[2.1] a A
2.0 × 102 ± 8.2 × 101

[2.3] a A
3.9 × 103 ± 3.3 × 102

[3.6] a C
2.1 × 103 ± 2.4 × 102

[3.3] a AC

ND: Not detected; detection limit 2.0 lgCFU g−1.

Table A5. Results of the microbiological analysis of the chips, wood and bark in trial T2; presented
as mean ± standard deviation, both in colony forming units per gram of sample (CFU g−1). In
brackets, the mean is expressed as logarithmic to base 10 (lgCFU g−1). Different small letters indicate
significant differences between storage intake and end of storage (p < 0.05). Different capital letters
indicate significant differences between wood fractions at storage intake respectively at week 6 or 8
(p < 0.05).

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Storage
intake, 0

Chips 2.0 × 104 ± 1.0 × 104

[4.3] a A
1.1 × 104 ± 2.3 × 103

[4.0] a A
1.9 × 106 ± 1.2 × 106

[6.3] a A
1.0 × 106 ± 1.8 × 105

[6.0] a A

Wood 1.5 × 104 ± 5.0 × 103

[4.2] a A
8.5 × 103 ± 5.0 × 102

[3.9] a A
1.1 × 105 ± 2.5 × 104

[5.0] a A
7.5 × 104 ± 2.5 × 104

[4.9] a AB

Bark 1.3 × 105 ± 7.5 × 104

[5.1] a A
4.0 × 104 ± 1.0 × 104

[4.6] a A
5.6 × 106 ± 1.1 × 106

[6.7] a A
4.5 × 106 ± 5.5 × 105

[6.6] a C

2

Chips ND ND 9.5 × 103 ± 4.1 × 103

[4.0]
1.5 × 104 ± 5.0 × 103

[4.2]

Wood ND ND 9.6 × 104 ± 4.9 × 104

[5.0]
7.2 × 104 ± 5.0 × 104

[4.9]

Bark ND ND 1.1 × 104 ± 5.8 × 103

[4.1]
1.5 × 104 ± 5.9 × 103

[4.2]

4

Chips ND ND 1.4 × 104 ± 9.6 × 103

[4.1]
8.4 × 103 ± 5.5 × 103

[3.9]

Wood ND 1.3 × 102 ± 4.8 × 101

[2.1]
2.8 × 104 ± 3.5 × 104

[4.5]
1.5 × 104 ± 1.0 × 104

[4.2]

Bark ND ND 2.6 × 103 ± 2.3 × 103

[3.4]
2.6 × 103 ± 1.0 × 103

[3.4]

6

Chips 1.6 × 103 ± 5.1 × 102

[3.2] a A ND a A 3.6 × 103 ± 3.1 × 103

[3.6] a A
1.7 × 104 ± 1.3 × 104

[4.2] a A

Wood 1.1 × 104 ± 1.5 × 104

[4.1] a A ND b A 1.3 × 104 ± 1.5 × 104

[4.1] a A
4.2 × 104 ± 5.5 × 104

[4.6] a A

Bark 1.1 × 103 ± 1.1 × 103

[3.1] a A ND a A 2.5 × 103 ± 3.2 × 103

[3.4] a A
6.3 × 102 ± 2.6 × 102

[2.8] a A

8

Chips ND a A ND a A 1.4 × 103 ± 9.4 × 102

[3.2] a A
6.3 × 103 ± 6.3 × 103

[3.8] a A

Wood ND a A ND b A 2.2 × 103 ± 2.8 × 103

[3.3] a A
1.6 × 103 ± 1.5 × 103

[3.2] a A

Bark ND a A ND a A 5.7 × 102 ± 4.7 × 101

[2.8] a A
5.7 × 102 ± 1.2 × 102

[2.8] a A

ND: Not detected; detection limit 2.0 lgCFU g−1.
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Table A6. Results of the pH analysis of the chips, wood and bark in trial T1 and T2; presented as
mean ± standard deviation. Different letters indicate significant differences within one trial over
storage time (p < 0.05).

Storage Time
(Weeks) Sample Trial T1 Trial T2

Storage
intake, 0

Chips 5.9 ± 0.0 a 6.0 ± 0.0 abcde

Wood 6.0 ± 0.0 a 6.2 ± 0.0 abcd

Bark 5.7 ± 0.0 a 5.8 ± 0.0 cdef

2
Chips - 5.1 ± 0.0 gh

Wood - 5.2 ± 0.2 gh

Bark - 5.0 ± 0.0 h

4
Chips - 5.3 ± 0.1 gfh

Wood - 5.6 ± 0.2 egf

Bark - 5.1 ± 0.1 h

6
Chips 6.8 ± 0.1 b 6.2 ± 0.2 abcd

Wood 6.7 ± 0.1 b 6.3 ± 0.2 abc

Bark 6.7 ± 0.1 b 5.8 ± 0.2 def

8
Chips - 6.4 ± 0.0 a

Wood - 6.4 ± 0.1 ab

Bark - 6.3 ± 0.1 abc

10
Chips - 6.1 ± 0.1 abcde

Wood - 6.1 ± 0.2 abcd

Bark - 5.9 ± 0.2 bcde

Appendix C

Table A7. Results of the elemental analysis and ash analysis.

Trial Storage Time
(Weeks) Sample Ash (%) * C (%) * H (%) * N (%) * S (%) * C:N Ratio **

T1
Storage
intake, 0

1 2.39 52.04 4.80 0.306 0.123 170
2 2.29 52.10 4.77 0.304 0.116 171

Mean ± SD 2.34 ± 0.05 52.07 ± 0.03 4.79 ± 0.01 0.305 ± 0.001 0.119 ± 0.004 171:1 ± 0

T2
Storage
intake, 0

1 2.27 52.14 4.89 0.337 0.113 155
2 2.16 52.50 4.80 0.251 0.113 210

Mean ± SD 2.22 ± 0.05 52.32 ± 0.18 4.85 ± 0.05 0.294 ± 0.043 0.113 ± 0.000 182:1 ± 27:1

T3

Storage
intake, 0

1 3.28 51.44 4.62 0.282 0.111 183
2 2.96 51.28 4.69 0.267 0.102 192

Mean ± SD 3.12 ± 0.16 51.36 ± 0.08 4.65 ± 0.04 0.274 ± 0.008 0.107 ± 0.004 187:1 ± 5:1

3

1 2.89 51.85 4.68 0.395 0.119 131
2 2.55 51.88 4.78 0.289 0.110 180
3 2.70 52.00 4.82 0.302 0.104 172

Mean ± SD 2.71 ± 0.14 51.91 ± 0.06 4.76 ± 0.06 0.328 ± 0.047 0.111 ± 0.006 161:1 ± 21:1

6

1 2.97 51.86 4.69 0.223 0.095 233
2 3.46 51.68 4.61 0.297 0.111 174
3 3.12 51.50 4.65 0.296 0.111 174

Mean ± SD 3.19 ± 0.21 51.68 ± 0.15 4.65 ± 0.03 0.272 ± 0.035 0.105 ± 0.007 194:1 ± 28:1

9

1 2.52 51.46 4.70 0.339 0.106 152

2 3.61 51.39 4.66 0.344 0.111 149

3 2.76 51.66 4.75 0.294 0.103 176

Mean ± SD 2.97 ± 0.47 51.50 ± 0.12 4.71 ± 0.04 0.326 ± 0.022 0.107 ± 0.004 159:1 ± 12:1

* Expressed as percentage of the dry matter fraction; ** C:N ratios calculated as the mean value of the C:N ratios of
the single measures; SD: standard deviation.
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