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Featured Application: A better understanding of mold growth on wood and the parameters on
which this growth depends will lead to improved calculation models for predicting mold occur-
rence in buildings and building components.

Abstract: The possible influence of anatomical sections of wood on mold growth was investigated by
means of a laboratory experiment. The selected fungi, Aspergillus sp., Penicillium sp., and Alternaria sp.
were inoculated by spraying on the surface of wood specimens prepared from pine (Pinus sylvestris)
and spruce (Picea abies). The incubation was carried out under stable environmental conditions
(temperature of 22 °C, relative humidity of 75, 87, and 95%) over three months. Mold growth was
evaluated based on regular microscopic and macroscopic observations. The recorded mold coverage
fractions and the qualitative indicators of mold development were later expressed by a dimensionless
mold index. The differences in mold growth in the anatomical sections of wood were found to be
relatively insignificant. In contrast, comparison of measured data with other experimental studies
showed large differences, especially in the initial growth phase. The discrepancy is probably related
to differences among the experimental protocols. It is concluded that laboratory mold growth studies
would be improved if a common standardized methodology was developed and followed.
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1. Introduction

Wood is a natural, renewable material that has been used in building structures for
many centuries. The durability of wood is affected by a number of loads, e.g., weathering,
chemicals, and biological agents. Wood can last for hundreds of years in dry conditions [1].
Under risky conditions of increased moisture, mold fungi are amongst the first colonizers
of wood. Although molds do not cause significant structural damage to wood, they are a
clear indicator showing that the moisture state of a wooden element is problematic.

The durability of wood products is an urgent issue for its future use as a competitive
building material. The occurrence of molds on wooden building elements may increase in
the future due to changing climatic conditions [2,3]. Faster drying methods, and the wrong
use of wood in construction without regard to its natural durability limits, may also have
an effect on mold growth on wooden elements.

The remediation of mold damage and the renovation of wooden elements is expensive
and technically demanding, especially in the case of building structural elements (e.g., tim-
ber framing, roof trusses). For these reasons, the prevention of mold growth has economic
benefits. Several mold growth prediction models [4-7] have been developed in the last
decades to predict the risk of mold growth on wooden elements in buildings.

Whereas mold germination is solely related with relative humidity and temperature,
mold growth depends on both environmental conditions and the availability of nutrients.
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The concentration of simple carbohydrates on the surface affects the growth rate of fungi [8].
The distribution of nutrients can be affected by processing wood prior to experiments [9,10].

The minimum relative humidity for mold growth on wood is between 75 and 80% [11].
In such environmental conditions, the time for the first signs of molds (microscopic obser-
vation) takes many weeks [12,13]. The growth rate decreases with the decrease in relative
humidity [11-16]. The mold development also strongly depends on the duration of suitable
exposure. If relative humidity fluctuates between favorable and unfavorable environmental
conditions, mold development slows [4,9,17]. In stable conditions, the time required for
the first visual occurrence of molds on pine and spruce sapwood at temperatures between
25 °C and 40 °C and relative humidity exceeding 95% is only a few days [18]. In addition
to environmental conditions, wood species, surface quality and treatment, and differences
between heartwood and sapwood, influence mold growth as well. For example, pine has
been shown to be more susceptible to fungal growth than spruce [8] and the growth is
faster on original kiln dried wood than on sawn wood [5]. Other influencing factors are
felling time and the drying method [10].

This paper presents mold growth curves observed during a laboratory experiment
on pine and spruce wood. The experiment was carried out under constant environmental
conditions (temperature 22 °C; relative humidity 75, 87, and 95%). The wood specimens
were prepared with respect to the structure of the wood to obtain specimens showing
tangential, radial, and transversal surfaces. Mold growth was recorded over time on the
basis of regular microscopic and macroscopic observations. The focus was primarily on
three important characteristic times in mold development: the time of the first microscopic
signs of the growth, the time of the first macroscopic signs of growth, and the time when
the maximum coverage was achieved. When appropriate, mold decay was also quantita-
tively expressed. The differences between mold growth on anatomical sections, and the
differences between the data obtained by the experiment performed and the mold growth
data found in the literature are discussed.

2. Materials and Methods
2.1. Experimental Procedure

The mold growth experiment procedure was similar to the procedure described in [11].
The experiment consisted of the preparation of the specimens, the preconditioning (equal-
ization of the moisture), the preparation and application of the inoculate (inoculation),
the incubation (the storage of specimens in defined stable environmental conditions, rel-
ative humidity 75, 87, and 95%), and the evaluation of mold growth. The scheme of the
experimental procedure is shown in Figure 1.

Preconditioning < Sterilization =~ [®— Preparation of specimens @ Storage of boards
v
Inoculation < Preparation of inoculate
v
Incubation
v Mold coverage fractions _ ] _
Evelluation gl Qualitative mold growth indicators % Ehmsnsiaeansiddeion

Figure 1. Scheme of the mold growth experiment.

2.2. Wood Specimens

The wood specimens were prepared from spruce (Picea abies (L.) H. Karst.) and pine
(Pinus sylvestris L.). Spruce is the most common wood species used for construction of
timber buildings in the Czech Republic. Pine is a standard wood species used for laboratory
studies of mold growth [12,19].
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The sapwood part of a single board was used (Figure 2). Heartwood was not used in
the experiment. The pine sapwood is frequently used in mold growth laboratory studies
due to high susceptibility to mold growth. The four-meter-long boards without any biocidal
treatment were obtained in a commercial woodworking store in year 2017. The boards
were cut from a single tree in the straight lower part of the trunk. The exact location in the
Czech Republic where the tree grew is not known. The wood was free of defects (without
blue stain fungi, knots, or resin). The wood was dried at a temperature lower than 60 °C.
The dry bulk density was 387-454 kg/m? (spruce) and 478-565 kg/m? (pine). The variation
of the dry bulk density for the wood specimens is expected to be lower due to the similar
position at the trunk. The boards were stored under controlled environmental conditions
(temperature of 20-25 °C, relative humidity of 50-60%).

i TR
Spruce radial (SR) J’ * b r[ ﬂ\ N

Spruce transversal (SX)

LA

Pine tangential (PT)

Figure 2. Boards used for the preparation of wood specimens. Spruce board is located on the top,
pine board on the bottom. Red dashed lines separate heartwood and sapwood.

The dimensions of the specimen were 20 mm X 20 mm x 3 mm. The wood specimens
(P—pine, S—spruce) were cut with respect to main anatomical directions (Figure 2) to
study mold growth on the tangential (T), radial (R), and transversal (X) surfaces. The
inoculation and observations of mold growth were performed on the main surface of each
specimen, i.e., on the square 20 mm x 20 mm (Table 1). The remaining sides of specimen
were not sealed. These sides were not used for mold growth observations. Three specimens
were prepared for each wood species and surface used in the experiment. Labelling of
the specimens with respect to the anatomical surface and relative humidity is specified
in Table 1.

Table 1. Labelling of wood specimens—view from top on the main square surface of wood specimens.

Tangential Surface (T) Radial Surface (R) Transversal Surface (X)
Pine (P) Spruce (S) Pine (P) Spruce (S) Pine (P) Spruce (S)

PT-75 ST-75 PR-75 SR-75 PX-75 SX-75
PT-87 ST-87 PR-87 SR-87 PX-87 SX-87
PT-95 ST-95 PR-95 SR-95 PX-95 S5X-95

The surface of the specimens was treated with a planer (Makita 2012NB) to unify the
quality of the surface, except for the transversal surface. The tangential surfaces of the
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specimens were composed only of earlywood. The specimens were sterilized with UV
radiation for 30 min on each side, to ensure that mold growth did not occur during the
conditioning in the initial phase of the experiment.

2.3. Preparation of Inoculate

The inoculum was prepared from fungi genera that commonly occur in the Czech
Republic and are reported to grow on wooden materials [20-22]. The following genera from
the Czech Collection of Microorganisms held at the Faculty of Science at Masaryk University
were selected: Aspergillus niger van Tieghem (CCM 8189), Penicillium cf. brevicompactum
Dierckx (CCM 8288), Alternaria alternata (Fries: Fries) von Keissler (CCM F-397). The
number in brackets is their access number.

Before inoculation, the fungi were revitalized at 25 & 2 °C by growing on Czapek dox
agar three consecutive times. The spores were collected from the last passage agar plate by
the following procedure. The agar plate was covered with 1 mL of sterile saline buffer and
the spores were released with a sterile glass loop. The solution, which consisted of spores
and hyphae debris, was removed from the agar plate using a sterile pipet and filtered
through sterile gauze with appropriate mesh size. The obtained spore solution was washed
three times with saline buffer to remove contaminants from the agar plate. The solution
for each genus was prepared separately. The concentration was determined in a Biichner
chamber with a microscope (BA 410E Epi microscope, Motic) with a magnification of 10x to
40x . The concentration of spores in each solution was adjusted to 1 x 108 CFU/mL (colony-
forming units per milliliter). Subsequently, the inoculate was prepared from the adjusted
single spore solutions by mixing in a 1:1:0.25 ratio with the least amount of Aspergillus sp.

2.4. Main Experiment
2.4.1. Preconditioning of Specimens

The relative humidity (RH) for the experiments was set in the range of 75 to 95%, which
is commonly used for mold growth experiments [13,17,23]. The sterile wood specimens (by
UV for 30 min to each site) were placed in sterile desiccators (sterilization by ethanol and
UV for 30 min) with a relative humidity of 75%, 87% and 95% for 14 days to achieve the
equilibrium moisture content. The relative humidity in the desiccators was prepared using
saturated salt solutions (NaCl, Na;SO,4, and KNOj3).

2.4.2. Inoculation

The specimens with equilibrium moisture content were inoculated by spraying. The
amount of inoculate was estimated separately on microscopic glass. The amount of in-
oculum was measured by weighing. Approximately 20 pL of inoculate was used for each
specimen. In this case, it was assumed that the conversion of grams to milliliters was 1:1.

2.4.3. Incubation

The inoculated specimens were placed back in desiccators with a relative humidity
of 75, 87 and 95%. The temperature was maintained at 22 °C &£ 2 °C. The temperature
and relative humidity (RH) were monitored by COMET dataloggers (accuracy, 0.3 °C,
+2.5% RH).

2.4.4. Evaluation of Mold Growth

Mold growth was observed under a microscope (BA 410E Epi microscope, Motic) with
a magnification of 40x and 100x (microscopic observation). Microscopic images were
taken with the Promicam Pro 3-3CP camera attached to the microscope (10x magnification).
Macroscopic images were taken with a Canon photo camera. The frequency of observation
was three days at the beginning of the experiment. It was extended to seven days during the
middle phase of the experiments, and 14 days at the end of the experiment. The duration
of the experiment was three months.
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Both quantitative and qualitative indicators that describe mold growth have been
recorded, which were used for calculating mold index (MI). Microscopic coverage of the
surface in % was estimated through microscopic observations (magnification 100 x). The
macroscopic coverage, starting from MI = 3, was estimated from photographs (magni-
fication 10x). The presence (visibility) of hyphae and sporangia, and the quality of the
sporangia were also noted. Hyphae, especially on the transversal surface, was difficult
to observe.

The mold coverage and qualitative indicator were converted to the dimensionless5-
degree scale mold index according to Table 2. The typical mold coverage fractions corre-
sponding with degrees of mold index 1-4 are illustrated in Table 3 (selected photographs
of pine specimens). The mold growth rating scale used in the experiment was similar to
the median mold rating of Johansson et al. [11,12,24].

Table 2. Definition of mold growth rating scale.

h?c/l[:)l(d[_] Subindex Observation and Coverage [%] Description

0 Micro Macro No mold growth is present.

1 L0 <10% 0% Sparsely distributed sporangia, hyphae difficult to observe.
15 10-30%

2 - >30% >0% Sporangia and hyphae observable.

3 —3.0 —<30% Full microscopic coverage, the first macroscopic signs.
3.5 100% 30-70%

4 - >70% Macroscopic coverage is substantial.

Table 3. The scale of mold index and subindex (according to Table 2) exemplified by microscopic and
macroscopic photographs.

Microscopic
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Table 3. Cont.

MI=35
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Since observation and evaluation of mold coverage fractions is subjective, the uncer-
tainty of the mold index is expected to be 0.5 points. The uncertainty on the time axis is
expected to range from —2 to 0 days for the first microscopic signs and £3 days for the first
macroscopic signs.
3. Results
The development of the mold index over time is shown in Figure 3. The development
of molds on pine and spruce specimens is also shown in photographs (Appendix A).
Pine, 87 % RH Pine, 95 % RH
4F ] AF — —
37 3
w 'T‘ P
52| 52|
_ —6—PR-87 | | _ —6—PR-95 | |
1 e PT-87 1 P e PT-95
—+—PX-87 —+—PX-95
0 712 1924 31 39 45 52 59 66 73 0 712 1924 31 39 45 52 59 66 73
Incubation [day] Incubation [day]
Spruce, 87 % RH Spruce, 95 % RH
37 37
52| 52

—6— SR-87

—+—8X-87

——ST-87 | |

7 12 1924 31 30 45 52 59 66 73

Incubation [day]

—6—SR-95| |
———ST-95
—+— SX-95

0 L n L L 1 L L L
0 712 1924 31 39 45 52 59 66 73

Incubation [day]

Figure 3. Mold index MI (defined according to Table 2) over time for all wood specimens tested. The
mold growth curves are presented as the average for each subset of specimens.
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Mold growth occurred only in environments with 87% and 95% RH, respectively. The
dominant mold throughout the experiment was Aspergillus niger. Penicillium brevicompactum.
showed only minor growth. Alternaria alternata was not observed until the end of the
experiment. Mold growth did not occur at 75% RH.

Table 4 summarizes the characteristic times in mold growth on the test specimens.
The first microscopic signs of molds were observable between days 7 and 12, except for
transversal surface of spruce specimens (SX), which did not show signs until day 19.
Germination appeared to be slightly faster on pine and at 87% RH. The first macroscopic
growth was observed between days 19 and 52, with the fastest growth always on specimens
with tangential surfaces (PT and ST). In many cases, it was also the time at which the
maximum mold index was reached. Spruce specimens achieved lower maximum mold
index than pine specimens. Mold decay characterized by sporangium disintegration was
observed on pine specimens (with the exception of PT-87 and PT-95). The decay was not
observed on spruce specimens.

Table 4. Characteristic times in mold growth on test specimens. The values are expressed in days
and represent: MI = 1, the time of the first microscopic signs of the growth; MI = 3, the time of the
first macroscopic signs of growth; Max MI, the time when the mold index was achieved and its value
in brackets; Decay, the time when the decay of sporangium maximum was first observed.

Species Pine Spruce
RH [%] 87 95 87 95
Specimens PT-87 PX-87 PR-87 PT-95 PX-95 PR-95 ST-87 SX-87 SR-87 ST-95 SX-95 SR-95
MI =1 [day] 7 7 7 12 7 12 7 19 7 12 19 12
MI =3 [day] 24 24 31 19 31 24 31 52 52 24 31 39
Max MI [day] 66 45 31 39 39 24 31 52 52 24 31 39
(MI value)] (4) ®3) ®) (4) 4) ®) ®) 3) ®3) ®) ®) (3.5)
Decay [day] - 59 66 - 66 66 - - - - - -

4. Discussion
4.1. The Experimental Results

The experimental results showed that a relative humidity of 75% is too low for mold
growth on solid wood. This is consistent with previous findings [11,13,15,19]. The genera
Penicillium spp. and Aspergillus spp. grew at relative humidity of 87 and 95%. The growth
of Alternaria alternata was not observed at a relative humidity of 87%, and surprisingly
not even at 95%, although the minimum relative humidity to initiate its growth on wood
is reported between 85 and 89% [15]. This genus is commonly found on plants, but also
colonizes building materials, including wood [14,20,21,25]. Nielsen [14] reported that the
relative humidity required for the growth of Alternaria spp. on woodchip wallpaper is
greater than 90%. We interpret that Alternaria alternata does not grow on a clean and planed
surface of wood. The explanation may be that this genus requires an additional source of
nutrients, for example, in the form of dust.

With respect to the main anatomical surfaces of the wood, two patterns were noticed
in the mold growth curves. The maximum delay in mold growth was found on the
transversal surface of spruce specimens. The shortest time of reaching the maximum mold
index was found for the tangential surface of both species. With respect to the latter, a
possible explanation might be that the tangential surfaces were almost purely composed
of earlywood. On the other hand, the explanation could also be that mold growth on
tangential surface is easier to observe in a microscope due to the flat surface without tree
rings. It should be stressed that both mentioned trends are not very apparent and should
be interpreted with care due to high uncertainty of characteristic times (due to the low
frequency of observation and somewhat limited number of test specimens).
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4.2. Comparison to Other Mold Growth Studies

There is only a limited number of laboratory studies that present mold growth curves
for spruce and pine wood. The data of Johansson et al. [12] and Viitanen and Ritschkoff [19]
were selected due to the similarity of environmental conditions and the surface quality
(planed surface). The data are compared with the mold growth curves obtained in the
experiment (Figure 4). The mold growth curves for the experiment are presented as
averages of the growth curves for the tangential and radial surfaces. In this regard, it
was assumed that the other studies used specimens with general longitudinal sections not
distinguishing between tangential and radial surfaces.

Pine, 22 °C - our experiment

Spruce, 22 °C - our experiment

3 AF 3
3 .
- S 2 L 4
——87%RH | | 1+ —S—87 % RH |
—>—95%RH —%—95%RH
7 12 1924 31 39 45 52 59 66 73 0 712 1924 31 39 45 52 59 66 73
Incubation [day] Incubation [day]
Pine, 22 °C - Johansson P. et al. 2013 Eoruce, 22 °C, 90 % RH - Johansson P. et al. 2013
- 3 L o
] o ]
=
4 1 L .|
L 1 1 1 1 1 GJ V/T\ Il 1 1 1 1
710141721 28 35 42 0 7 141721 28 35 42
Incubation [day] Incubation [day]
Pine, 20 °C - Viitanen and Ritschkoff 1991 5 Spruce, 20 °C - Viitanen and Ritschkoff 1991 .
—&—87%RH 5l |—©—87%RH
% 97 % RH ———97 % RH
. 4 .
=3
2 L
'] L
I @ 1 1 L L 1 ras My 1 1 1 1 L 1
7 14 28 35 42 49 56 63 70 0O 7 14 21 28 35 42 49 56 63 70
Incubation [day] Incubation [day]

Figure 4. Comparison of experimental mold growth curves (our experiment—mean mold growth
curves calculated from specimens with radial and tangential surfaces, data of Johansson et al.
2013 [12], data of Viitanen and Ritschkoff 1991 [19]. The time for the first microscopic signs of
molds corresponds to MR =1 and M = 1. The time for the first macroscopic signs of molds corre-
sponds to MR =3 and M = 3.

The definition of mold growth metrics differs among authors. Johansson et al. use
a 5-degree scale denoted as MR. Viitanen and Ritschkoff use a 7-degree scale denoted as
M. Therefore, only the characteristic times in mold development can be compared. The
characteristic times from our experiment agree with those of Johansson et al., although
there are some differences in the times for the first microscopic signs. The discrepancy
might be related to some extent to differences in the definition of mold indexes.

Contrary to Johansson’s results, Viitanen and Ritschkoff show, at 87% RH, a much
longer time needed to reach the first microscopic and macroscopic signs of molds. In this
case, mold growth is delayed by approximately four weeks, similarly for pine and spruce.
On the other hand, Viitanen’s characteristic times at 97% RH agree with mold growth
observed at 95% RH. In our experiment, mold growth curves were similar for the relative
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humidity 87 and 95%. This does not correspond to much larger differences in mold growth
curves between 87 and 97% RH that appear in Viitanen and Ritschkoff’s work.

Since fungal growth is a very complex microbiological process that can be influenced
by even small changes in experimental procedures, explaining differences amongst exper-
iments is not straightforward. The discrepancy between experiments may be related to
differences amongst experimental protocols to some extent. Since the time shift between
mold growth curves was especially noticed, the selection of mold species, their quality and
quantity, absence of hyphae in the suspension, physiological state of spores, the method of
application of inoculum, sterilization prior inoculation, etc., are aspects which should be
carefully assessed. These potential factors are discussed by Veerecken et al. [26].

Currently, several standardized laboratory methods are available to obtain the resis-
tance of a material against molds or critical relative humidity for mold growth. Some of the
existing experimental methods were briefly compared in [27,28]. Imken et al. [29] compared
two existing methods by testing wood and wood-based materials. The correlation of mold
growth results between methods was poor. They concluded that the experimental setup
could have an effect on mold resistance tests to a large extent. To our best knowledge,
a common standard method for assessing the dynamics of mold growth on wood is not
yet established.

5. Conclusions

The development of mold growth on the surface of wood specimens was regularly
observed by means of microscopic and macroscopic observations. The mold growth data
obtained in the experiment were compared with two mold growth experimental datasets
found in the scientific literature. Significant differences between the data were observed. In
particular, a large time shift between published mold growth curves has been found. The
following conclusions can be drawn from our study:

e  The differences of mold growth between anatomical sections were relatively small and
are not considered to be significant.

e  The time shift between mold growth curves was observed between the experiment
performed and the published mold growth experiments. It is believed that the discrep-
ancy is to some extent related to differences among experimental protocols. Scientific
mold growth studies would be improved if a common standardized methodology
were to be developed and followed.
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Appendix A. Selected Microscopic Images

Day 12

PT-87

PX-87

PR-87

Figure A1. Selected microscopic images for subsets PT-87, PX-87, PR-87 (bar is 200 um).
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PT-95

PX-95

PR-95

Figure A2. Selected microscopic images for subsets PT-95, PX-95, PR-95 (bar is 200 um).
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ST-87

SX-87

SR-87

Figure A3. Selected microscopic images for subsets ST-87, SX-87, SR-87 (bar is 200 pm).
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ST-95
SX -95
SR - 95
Figure A4. Selected microscopic images for subsets ST-95, SX-95, SR-95 (bar is 200 pm).
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