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* A nonlinear model was developed to predict the temperature-dependent spread rate of blue-
stain in Norway spruce logs in alpine areas in Austria.

e The influence of temperature sum on the development of blue-stain was confirmed.

*  The effect of harvesting season on the development and amount of sap-stain (faster and more
extensive in summer than in spring) was observed.

Discoloration of the sapwood caused by blue-stain fungi on conifer logs during interim storage
causes significant loss to the forest industry. The fungal infection is often associated with bark
beetle attacks because the spores are transmitted by the beetles. They can also be disseminated by
rain-splash and moist air. While there are methods to protect logs from sap-stain in wood yards,
this is often not possible in the forest for practical and regulatory reasons. Timing of harvesting
and timely transportation are often the only ways to prevent blue-stain. To estimate the urgency
of transportation, knowledge of the growth of blue-stain fungi and its dependence on weather
conditions is of great interest. The proportion of discolored sapwood on Norway spruce logs was
recorded along a time series, together with weather data in two field experiments conducted in
spring and summer at two alpine sites in Austria. A predictive model was developed to estimate
the proportion of blue-stained sapwood based on the temperature sum to which the logs were
exposed. After harvest in March, there was a time lag of 82 and 97 days at the two respective
sites, caused by initially low temperatures, before discoloration started. In contrast, sap-stain
occurred 14 days after the harvest in June, when warm conditions prevailed from the start. The
nonlinear least square regression model can help to estimate a window of opportunity to transport
wood before it loses its value and serves as a sub model for lead time estimation within logistic
decision support systems.
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1 Introduction

Blue-stain or sap-stain is a bluish or bluish-grey discoloration of coniferous wood that can occur
on living trees, logs, sawn timber and processed wood. The discoloration is caused by dark
colored hyphae that grow in the radial, nutrient-rich wood rays and in the tracheids of the axial
vascular system (Ballard et al. 1982, 1984). Blue-stain on logs is mainly caused by fungi belong-
ing to Ascomycetes in the orders Microascales (e.g. species in the genera Endoconidiophora
and Graphium) and Ophiostomatales (e.g. species in the genera Grosmannia, Leptographium,
Ophiostoma and Sporothrix) . These fungi are transmitted either by biotic vectors, such as bark
beetles (Rice et al. 2008; McCarthy 2011; Hofstetter et al. 2015), or abiotic vectors which include
moist air or raindrops. Human activities, such as the transport of infected wood or blue-stained
wood residuals on harvester heads can also contribute to the spread of blue-stain fungi (Uzunovic
et al. 2004).

Although various studies have confirmed that blue-stain does not have a negative effect on
the mechanical properties of wood (Byrne 2003; Lum et al. 2006; Dimou et al. 2017), the discolora-
tion is usually undesirable, especially when the timber is used for appearance-grade products. Due
to blue-stain fungi logs are often downgraded to a lower quality class, which causes considerable
financial loss to the forestry and timber industries (McCarthy et al. 2012).

Picea abies (L.) H. Karst. (hereafter referred to as Norway spruce or spruce) is of great eco-
logical and commercial importance in Central Europe. In Austria, it is the most common coniferous
species and the most processed tree species in the sawmill industry (BMLFUW 2022). Spruce
forests met the societal needs during industrialization and were often cultivated outside the spe-
cies’ natural range, due to the species’ generally wide ecological amplitude and high productivity.
These stands are increasingly facing challenges related to climate change (Jandl 2020), and due
to the climate change-associated rise in disturbances (Seidl et al. 2011), it can be assumed that
loss due to blue-stain fungi, occurring in connection with damage caused by wind, snow and bark
beetles, will continue to increase.

Forest logistics are therefore faced with challenges, such as transporting harvested timber
within the window of opportunity before commercially critical amounts of staining occur. Knowl-
edge about the development of blue-stain over time and its dependence on weather conditions is
essential and can help to improve forest logistics, especially when considering the value develop-
ment of already harvested timber (Jonsson 2012; Kogler and Rauch 2023) . There is substantial
knowledge about blue-stain fungi in general (Kirisits 2004; Solheim 1986, 1991, 1993) and their
interactions with different pine species (McCarthy et al. 2010, 2012; Millers et al. 2017; Szewczyk
et al. 2020; Jankowiak et al. 2021) as well as their interactions with living Norway spruce trees
(Ohrn et al. 2021; Netherer et al. 2016), but knowledge about blue-stain fungal growth in already
harvested Norway spruce logs is rather limited.

The temperature to which logs are exposed has a decisive influence on the growth of blue-
stain fungi in general as well as on the growth of the blue-stain fungi that are vectored by the Euro-
pean spruce bark beetle, Ips typographus (L.) (Seifert 1993; Friedl 2007). Miller (1980) reported
that fungal growth is inhibited and may practically cease when the temperature drops below 4.4 °C
or exceeds 35 °C, which is fairly in line with the findings of Millers et al. (2017), who reported
that sapwood discoloration on Scots pine (Pinus sylvestris L.) logs starts when the mean daily air
temperature reaches 5 °C to 6 °C and Solheim (1993), who reports minimal growth of 6 species
of sap-staining fungi, that are associated with the European spruce bark beetle below 5 °C. While
the influence of humidity on blue-stain growth has been described in the literature (Miller 1980),
data derived from an in situ experiment (Szewczyk et al. 2020) show that air humidity has little
effect on blue-stain development, while air temperature was found to be critical.
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Yang and Beauregard (2001) found that sap-staining fungi did not cause significant discol-
oration on jack pine (Pinus banksiana Lamb.) logs within 4 weeks after spring harvest and those
logs harvested in September or later could be stored until the end of April the following year.
Dimou (2012) reported that conifer logs harvested in November in Greece could be stored over
the winter until April without showing blue-stain. A seasonal effect was also reported by Szewczyk
et al. (2020) who observed that visible blue-stain occurred within 6 to 9 weeks after spring felling
and within 3 to 6 weeks after summer harvest. The mean area of blue-stain was about double after
summer felling compared to spring felling.

The present study aimed to investigate blue-stain development in Norway spruce logs during
storage and to determine its environmental drivers. In particular, this study aims to (1) verify the
influence of the harvesting season on the development of blue-stain, (2) investigate the influence
of the air temperature and the moisture content of the wood on blue-stain development and (3)
attempt to develop a predictive model to estimate blue-stain growth on spruce logs over time based
on weather data.

2 Materials and methods
2.1 Logs

To understand the influence of the weather on the growth of blue-stain fungi, experiments were
carried out during two trial campaigns in summer 2020 and spring 2021. For this purpose, 24
Norway spruce logs with a length of about 400 cm were placed on supports at two alpine sites,
“Krampen” (KRA; 47°40'N, 15°33°E, 766 m a.s.l.) and “Jagerbauerngraben” (JBG; 47°42'N,
15°21°E, 864 m a.s.l.), in Austria (Fig. 1), where they were exposed to naturally available inocu-
lum of blue-stain fungi, i.e. attacks by bark beetles such as /. typographus and rain- and air-borne
blue-stain fungi. The logs investigated in this study were affected by both origins of blue-stain,
and it was not possibly to clearly determine their relative importance. The two sites are located
at a wood yard (KRA) and near a wood yard (JBG) and are used for temporary storage of logs
harvested from the surrounding forests. The sites were suggested by the Austrian Federal Forests
because of their access to the road network and the space available for the experiment. It was not
possible to conduct the experiment in the forest, under the canopy, due to concerns about possible
mass propagation of bark beetles.

Four datasets, namely summer.JBG, summer.KRA, spring.JBG and spring. KRA were col-
lected during the experiments. The summer campaign was conducted in 2020, while the spring
experiments were conducted in 2021. The summer.KRA logs had to be cut into 200 cm pieces due

Fig. 1. Norway spruce logs at the experimental sites (a) Jagerbauerngraben in summer 2020 and (b) Krampen in spring
2021 prior to investigation of blue-stain development. In the background the weather stations are visible.
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Table 1. Descriptive statistics including mean, standard deviation (sd), minimum (min), maximum (max) and piece
count (n) of the length, mid-diameter and volume over bark (ob) of the Norway spruce logs that were investigated
regarding blue-stain development for the trial campaigns in summer 2020 and spring 2021 at both sites, Jagerbauern-
graben (JBG) and Krampen (KRA).

summer.JBG summer.KRA spring.JBG spring. KRA
length mid- volume length  mid- volume length mid- volume length mid- volume
[cm]  diameter [m3,] [cm] diameter [m3y;] [cm] diameter [m3] [cm]  diameter [m3]
[cmob] [Cmob] [Cmob] [Cmob]

mean  406.50 31.54 032 204.10 29.21 0.14 405.75 34.14 0.38 404.17 3392 037
sd 2.65 4.34 0.09 1.29  2.08 0.02  1.57 4.64 0.10 2.53 4.13 0.09
min 401.00 2493 0.20 202.00 2640  0.11 402.00 26.55 022 399.00 2620  0.22
max 410.00 38.40 0.47 207.00 33.75 0.18 408.00 42.68 0.58 407.00 42.15 0.57
n 24 48 24 24

to limited space at the storage location (Table 1). The logs were already infested with bark beetles
and showed blue discoloration when they arrived at the trial site. They were partly harvested and
processed by chainsaw and partly by a fully mechanized system. The exact harvest date of the
logs sampled at both sites in summer 2020 was not recorded. Based on the observed bark beetle
developmental stage (/. typographus) and log discoloration of the summer.KRA logs at the start
of the trial (Table 2, T0), the time of bark beetle infestation was estimated to be the beginning of
June at the latest. Spike imprints in already existing egg deposits and first larval galleries indicate
that the logs origin from a salvage logging operation. the harvest date was estimated to be Jun.
26th, 2020. Furthermore, the quality of the logs was very heterogenous. All other logs were not
previously infested by bark beetles. The estimated harvest date for the summer.JBG logs is Jul.
7th, 2020. The summer.JBG logs have been felled and delimbed with a chainsaw, but they show
extensive bark damage and stripes of removed bark, caused by transportation and handling (Fig 1a).
The spring.JBG logs were reportedly harvested and delimbed by chainsaw on Mar. 4th, 2021, and
the spring. KRA logs on Mar. 19th, 2021, in the regions surrounding the trial sites and their bark
was mostly intact.

The diameter of all logs was measured on both log-ends in two orthogonal directions over
bark. The measurements were averaged, and a mid-diameter of each log was calculated. The log
volumes were calculated using Huber's formula (Syed Ahmad et al. 2020) . On a total of eight
sampling dates per campaign (Table 2, T1-T8), four log slices were cut from each of three randomly
selected logs per site according to the described cutting scheme (Fig. 2).

Table 2. Time scheme of sampling for both trial campaigns 2020 and 2021. TO marks the date when the Norway spruce
logs were stored at the trial sites. T1-T8 represent the sampling dates, on which log slices were cut to investigate blue-
stain development.

sample date ID T0 T1 T2 T3 T4 T5 T6 T7 T8

storage time 2020 (days) 0 7 14 22 29 37 43 50 56
sample date 2020 Jul. 14th  Jul. 21st Jul. 28th Aug. 05th Aug. 12th Aug. 20th Aug. 26th Sept. 2nd Sept. 8th
storage time 2021 (days) 0 38 46 53 60 67 74 81 88
sample date 2021 Apr. 3rd May. 11thMay. 19thMay. 26th Jun. 2nd Jun. 9th Jun. 16th Jun. 23rd Jun. 30th
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Fig. 2. Cutting scheme of the log slices that were used for the quantification of blue-stain growth in Norway spruce logs
for (a) Jagerbauerngraben and Krampen 2021 and (b) Krampen 2020.

2.2 Weather data

Weather stations were installed at both sites to record air temperature, air humidity, wind speed,
wind direction, liquid precipitation, and global radiation at 10-minute intervals. Values for tem-
perature and relative humidity were aggregated to daily means and precipitation was aggregated
to daily means and to daily sums for further processing (Table 3, Fig. 3ab).

The logs were checked weekly and their condition in terms of bark beetle infestation and
blue-stain appearance was documented, but no samples were taken until infestation with 1. typogra-
phus, the presumed main vector of blue-stain fungi on Norway spruce, was either predicted by the
phenology model PHENIPS (Baier et al. 2007) or observed in the field. Due to prevailing weather
conditions in 2020, the colonization of the logs by bark beetles at the JBG site was observed
successively after the start of the trial (Table 2, T0). The 2021 experimental campaign started in
early spring, when relatively cool weather conditions prevailed. Therefore, bark beetle swarming
and infestation as well as infection by blue-stain fungi was not expected. This resulted in a longer
storage period compared to the 2020 trial campaign. The first sampling began on May. 11th, 2021,
after the observed as well as predicted onset of bark beetle infestation. From the first sampling
date when probes were taken (T1), samples were taken weekly (T2—T8) to map the development
of blue-stain in the sapwood over time.

Table 3. Descriptive statistics including mean, minimum (min), maximum (max) of daily mean temperature, average
relative humidity and daily precipitation for the trial sites Jagerbauerngraben (JBG) and Krampen (KRA) for the trial
periods Jun. 26th (KRA) and Jul. 7th (JBG) 2020 to Sep. 8th, 2020 and Mar. 4th (JBG) and Mar. 19th (KRA) 2021 to
June 30th, 2021, during which the development of blue-stain on Norway spruce logs was investigated. For precipitation
the sum is also presented.

2020 2021
Jagerbauerngraben (JBG) Krampen (KRA) Jagerbauerngraben (JBG) Krampen (KRA)
daily  average daily pre- daily  average daily pre- daily  average daily pre- daily  average daily pre-
mean  relative cipitation mean relative cipitation mean  relative cipitation mean  relative cipitation
tempera- humidity [mm] tempera- humidity [mm] tempera- humidity [mm] tempera- humidity [mm]
ture [%] ture [%] ture [%] ture [%]
[°Cl [°Cl [°C] [°Cl

mean 14.86 87.68  6.35 1495 8726 424 6.57  79.82 1.80 795  77.89  2.08
min 8.63 70.36  0.00 9.09 67.66 0.00 564 5031 0.00 439 5939 0.00
max  19.78 100.00 40.20 2029 9734 50.80 23.11 9943 1840 2092 9426 19.10
sum 361.80 241.40 213.80 216.20
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Fig. 3a. Daily mean temperature, average relative humidity and daily precipitation for the trial sites Jagerbauerngraben
(JBG) and Krampen (KRA) for the trial periods (a) Jun. 26th, 2020 to Sep. 8th, 2020, during which blue-stain develop-
ment in Norway spruce logs was investigated.
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Fig. 3b. Daily mean temperature, average relative humidity and daily precipitation for the trial sites Jagerbauerngraben
(JBG) and Krampen (KRA) for the trial periods Mar. 4th, 2021 to Jun. 30th, 2021, during which blue-stain development
in Norway spruce logs was investigated.
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2.3 Log slice processing

After cutting slices of the logs, the boundary between sapwood and heartwood was marked with
a felt-tip pen. The logs were digitized using a tripod-mounted digital camera with a fixed focal
length of 30 mm (Nikon D5500 and Sigma 30/1.4) and a resolution of 24 MegaPixel (MP). Since
the low contrast between discolored and unstained sapwood surfaces makes automatic detection
as described by Schubert et al. (2011) very difficult, the images were manually colorized using
image processing software (GIMP - GNU Image Manipulation Program - version 2.10, 2018). To
colorize the images, they were first converted from JPG format to the native XCF format of GIMP.
Since there was no function in the program to convert multiple images at once, and the individual
conversion is a very time-consuming task, a python-fu script “Import JPG to XCF” was written.
It allows to select many JPG files at the same time, convert them to XCF files and place the gener-
ated files in a defined folder. The XCF files contain the 24 MP images (aspect ratio 3:2) of the log
slices. Four additional layers were created on top of this, in which the specific areas “sapwood
without discoloration” (yellow), “heartwood” (red), “blue-stained sapwood” (blue), which have
been grouped into “coloring layers”, and “scale bar” (black) were marked. In the “coloring layers”,
the edges of the corresponding areas on the photo were traced by hand using a “Wacom Intuos
creative pen and touch tablet”. In the image processing software, the “pencil” tool was selected
(pencil size: 3 pixel, pencil hardness: 100). All other parameters of the tool were set to 0, “Dynam-
ics” was turned off, and zoom was enabled to increase accuracy. A centimeter scaling frame was
imaged along with each of the log slices (Fig. 4a). A black scale bar was digitally placed over this
centimeter scale in the “scale bar” layer (Fig. 4b). It covers 20 cm of the scaling and was drawn
with a width of 100 pixel using the appropriate presets of the pencil tool. The bottom layer, which
contains the original image, was then turned off so that only the colored areas and the scale bar
were visible, and the background was transparent (Fig. 4c). The resulting image was then saved
in PNG format. To enable a simultaneous export of all files opened in GIMP, another python-fu-
script “Export all opened images to PNG” was written.

A custom R script then performed the fully automated analysis of the PNG files. The
script counts the number of pixels per color in the images, defined by their RGB values. Using
the information that the number of black pixels (scale bar) in the image divided by 100 equals
20 cm, the area of each color could be calculated in cm?. It was also possible to calculate the

3

e e
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E

Fig. 4. (a) Norway spruce log disk 00675-4 cut at the experimental site Jagerbauerngraben at Aug. 12th, 2020 after 29
days of log storage. (b) On the log slice digitally colored areas “sapwood without discoloration” (yellow), “blue-stained
sapwood” (blue) and “heartwood” (red) and (c) PNG file prepared for analysis with scaling bar. In this example, 5.56%
of the sapwood area is discolored by sap-stain fungi.
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ratio between the colors, i.e., the ratio of the blue-stained sapwood area to the total sapwood
area or the total area of the log cross section. Using the unique identification numbers of the log
slices, consisting of the sample log identification number, the disc position number in the log,
and the date each log disc was sampled, the calculated area data were linked to the weather data
for further statistical analysis.

Subsequently, an image analysis software (Datinf Measure 3) was used to determine the
absolute area fractions of the log slices from the 2020 test campaign, subdivided into “heartwood”,
“sapwood without discoloration”, and “sapwood with discoloration”. The values obtained in this
way serve as reference values for testing the plausibility and accuracy of the automatic area deter-
mination routine.

The moisture content and wood density were also determined from all log slices without
distinguishing between sapwood and heartwood. For this purpose, the freshly collected samples
were weighed on site with a precision scale (Kern DS 30K0.1) and then dried in a drying cabinet.
The drying process was carried out according to DIN EN ISO 18134-1:2015-12 (2015) . The sam-
ples were kept in the drying cabinet at a temperature of 102.5 °C until they had reached a constant
moisture equilibrium. During the drying process, the bark often separated from the wood. Therefore,
each sample was dried in its own paper bag, which makes it possible to match the detached bark
to the correct log. Another advantage of the paper bags is that they prevent resin from dripping
out of the sample during the drying process. This would distort the results in two ways. On the
one hand, the weight is missing in the sample from which it drips, and on the other hand, it puts
additional weight on the sample below on which it drips. An initial check weighing was performed
after a minimum of 48 hours, followed by weighing every 24 hours. A sample was considered dry
if its weight did not change by more than 1% of the initial fresh weight within 24 hours. Moisture
content was then calculated using Eq. 1:

_Wrwa

wy

mc 100 )

where:

mc = moisture content (%)
wy = fresh weight (g)

wy = dry weight (g)

The density was determined according to Archimedes’ principle. For this purpose, a container
with water was placed on a digital scale and the log slices were immersed in the water. Since many
air bubbles adhere around freshly dried log slices, which could alter the buoyancy, a few drops of
dishwashing detergent were added to the water to improve wetting. Prior to immersion, the kiln-
dried specimens were debarked by hand, the bark collected, and weighed separately. Wood density
was then calculated using Eq. 2:

p:MXIOOO )

Wh

where:

p = density (kg m3)

wy = dry weight (g)

wyp = weight of dry bark (g)

wy, = weight of displaced water (g)
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Fig. 5. Schematic diagram of the experiment (w = weather station, | = Norway spruce logs, Is = log slices with digitally
colorized heartwood, sapwood and blue-stained sapwood as well as the scale bar, wf = fresh weight, d = dry cabinet,
wd = dry weight, wh = weight of displaced water).

To relate the proportion of blue-stained sapwood (BSA) from the log slices to temperature
data, the mean daily temperature sum (MDTS) above 5 °C, to which the logs were exposed during
the storage period was calculated for each log slice. Because most blue-stain fungi do not grow,
or grow minimally, at temperatures below 5 °C (Solheim 1993; Miller 1980; Millers et al. 2017)
only data from days with a mean temperature above 5 °C were considered. A schematic diagram
of the experiment is shown in Fig. 5.

2.4 Analysis

The logs and weather data are presented as descriptive statistics. Prior to statistical analysis, a series
of descriptive plots was created for visual evaluation of factors and variables related to moisture
content, wood density, and BSA.

Statistical analysis was then performed using various regression techniques. Multiple
comparisons of means were performed using Tukey’s honestly significant difference (HSD) test.
Analysis of Covariance (ANCOVA) was used to understand the relationship between moisture
content and density.

Linear regression models were used to test the influence of temperature on the proportion
of blue-stain on the log cross sections. A linear interaction (LI) model and a linear mixed effects
(ME) model were set up to account for possible effects between experimental sites and harvesting
season. Based on the assumption that MDTS = 0 means BSA = 0, the linear models were forced
to pass through the origin to avoid negative predicted values.

10
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To test the hypothesized influence of the temperature on the development of blue-stain, the
observed BSA on log slices cut at sample dates T1-T8 was correlated with the MDTS above 5 °C
to which the spruce logs were exposed during storage. Site and season were included as factors to
test for interactions and random effects. The model hypothesis is formulated in Eq. 3:

BSA = 1 + 2 x MDTS + 33 x site x season 3)

where:
BSA = blue-stained sapwood area (%)
MDTS = mean daily temperature sum above 5 °C (°C)

Linear models often provide a very limited picture of reality, as many relationships in nature
do not follow linearity, and it is worth trying to fit a non-linear (NL) model. Hence, a simple logis-
tic growth function was fitted to the data according to the model hypothesis formulated in Eq. 4:

BSA=ax e[ MgTS) 4

where:
BSA = blue-stained sapwood area (%)
MDTS = mean daily temperature sum above 5 °C (°C)

Forcing the linear regressions through the origin increases the coefficient of determination
(R%/R? adj.). Therefore, Akaike’s Information Criterion (AIC) and Root Mean Square Error (RMSE)
are used to compare and evaluate the performance of the models.

All statistical analyses were performed using the statistical software R (R Core Team 2022).
The packages “xIsx” (Dragulescu and Arendt 2022) and “openxlsx” (Schauberger and Walker
2021) were used for data import and export. All plots were generated with “ggplot2” (Wickham
2016). Tuckey’s HSD test was performed with the help of the “multcomp” package (Hothorn et
al. 2008). Databases used for taxonomic nomenclature are the Missouri Botanical Garden (2023)
and Robert et al. (2005).

3 Results
3.1 Moisture content

As shown in Fig. 6 the moisture content of the summer.KRA log slices, which were already infested
by bark beetles at TO, was significantly lower than that of the other logs. Compared to the fresh
logs that were studied at both sites JBG and KRA in spring 2021, the fresh logs that were studied
at JBG in summer 2020 had a significantly higher moisture content. Over the storage time, the
moisture content decreased for all datasets except spring. KRA, which shows a clear increase from
T1 to T3, and slight decrease or no systematic change from T3 to T8.
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Fig. 6. Moisture content (%) of the Norway spruce log slices (sapwood and heartwood), which were used for the quan-
tification of blue-stain development, in relation to storage time (days) for each dataset.

3.2 Density

The wood density of the investigated spruce logs (Table 4) ranged from 319 kg m3 to 594 kg m—3
with a mean of 431 kg m3 and a standard deviation of 51 kg m3. While there was no significant
difference between summer.KRA and spring.JBG, the wood density of summer.JBG was with a
mean of 375.0 kg m™ and a standard deviation of 46 kg m=3 significantly lower. With a mean of
464 kg m~ and a standard deviation of 31 kg m3 the wood density of spring. KRA was signifi-
cantly higher compared to all other datasets, as shown by Tukey’s HSD test (p<0.001, R2=0.43,
CL=95%).

Table 4. Descriptive statistics of the density of the Norway spruce log slices, that were
used to quantify blue-stain development, including the results of Tukey’s HSD test, mean,
standard deviation (sd), minimum (min), maximum (max), the 5th,50th and 95th percen-
tiles for the four datasets from both trial sites JBG and KRA and both trial campaigns in
2020 and 2021. The significance letters “a”, “b” and “c” in the Tukey’s HSD row indicate
significant differences between the datasets with a confidence level of 0.95.

density [kg m 3]

summer.JBG ~ summer.KRA  spring.JBG spring. KRA overall

Tukey’s HSD a b b c

mean 375 438 444 464 431
sd 46 40 36 31 51
min 319 368 380 400 319
5% 327 378 395 414 340
50% 364 432 440 463 431
95% 454 505 507 517 509
max 560 594 570 531 594
n 96 96 96 96 384
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Furthermore, a significant negative relationship between density and moisture content was
observed when considering the whole data set (p<0.001, R2=0.78). When looking at most of
the sample dates separately (except T3 and T8), there was a negative relationship with different
significance levels, when considering interactions. Ignoring possible interactions coming from
site and season resulted in a significant relationship between moisture content and density for all
sample dates with different levels of significance (p<0.001 —p<0.1).

3.3 Observed onset of blue-stain development

During the trial campaign in summer 2020 initial sap-stain was already visible after 14 days of
storage at JBG. The logs that were delivered to the KRA site already showed blue-stain when
delivered at TO. During the trial campaign in spring 2021, it took 82 (site KRA) or 97 days (site
JBG) until blueish discoloration was observed (Fig. 7). Regarding MDTS, first discolorations were
recognizable after exposure of the logs to temperature sums of at least 124 °C at JBG in 2020 and
190 °C at both sites JBG and KRA in 2021 (Fig. 8).

spring.JBG summer.JBG
60~

40-

N
o
\

J_”-H“

spring.KRA summer.KRA

o
[

60-

blue-stained sapwood area (%)

N
o

R scaRannny AR IENRRRGEIT

storage time (days)

Fig. 7. Percentage of blue-stained sapwood area on Norway spruce log slices depending on the storage time (days),
separated by site (KRA = Krampen, JGB = Jagerbauerngraben) and season (spring or summer). For clarity, the data is
not displayed in this graph when the value for the relative blue-stained sapwood area is 0.
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Fig. 8. Percentage of blue-stained sapwood area on Norway spruce log slices depending on the mean daily temperature
sum (°C) above 5 °C, separated by site (KRA = Krampen, JGB = Jagerbauerngraben) and season (spring or summer).
For clarity, the data is not displayed in this graph when the value for the relative blue-stained sapwood area is 0.

3.4 Modeling blue-stain growth

The moisture content of the log slices, the wood density and air humidity were found to have no
significant effect on the BSA when ANCOVA was applied to the datasets summer.JBG, spring.JBG
and spring. KRA. However, there was a significant relationship between moisture content and BSA
when the compromised dataset summer.KRA was incorporated because its moisture content was
extraordinarily low and the BSA was extraordinarily high due to pre-harvest bark beetle infesta-
tion and fungal inoculation.

The results of the ANCOVAs are presented in Table 5. The LI model supports the hypothesis
that the effective MDTS above 5 °C had a significant effect (p<0.001) on the development of blue-
stain fungi. Furthermore, there were significant interactions with the factors site and season. While
the differences between all datasets were significant, the summer.KRA data particularly were out
of line, as indicated by the relatively high estimate of site [KRA] x season [summer] interaction
(13.72) compared to the estimates of the other datasets and the total data.

Hence, the summer.KRA data was excluded in a next step. To ensure, that the site and sea-
sonal effects did not interfere with the effect of the MDTS and jeopardize the model, the two factors
were treated as random effect variables in the ME model. The factors “site” and “season” showed
a variance (tg9) of 0.00 and 31.61, respectively, indicating that the site has no effect on the BSA
with the reduced dataset, while in contrast, there was a random effect originating from the season.

However, after eliminating the site effect and quantifying the seasonal effect, a predictive
model driven only by temperature data would be preferable from an application perspective.
Therefore, a non-linear (NL) regression model was generated. The results of the nonlinear least
squares regression are shown in Table 6. The model estimates two parameters (a, b). The parameter
“a” represents the amplitude of the exponential curve, while “b” represents the rate of decay of
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Table 5. Summary of the results of the ANCOVAs, which tested the effect of the mean daily temperature sum to
which the Norway spruce logs were exposed, on the percentage of sapwood that was discolored by sap-staining
fungi, taking site effects, season effects and interactions into account (LI, ME, MDTS = mean daily temperature
sum, R? = coefficient of determination, o2 = variance of the residuals, 1oy = variance of random effects, RMSE =
root mean square error, AIC = Akaike’s information criterion).

Linear Interactions (LI) Mixed Effects (ME)

Predictors Estimates CI P Estimates CI p
MDTS 0.04 0.04 -0.05 <0.001 0.03 0.03-0.04 <0.001
site [JBG] -5.33 -7.39--328  <0.001
site [KRA] -5.36 -740--332  <0.001
season [summer| -5.25 -7.88—--2.63  <0.001
site [KRA] x season [summer] 13.72 10.25-17.19  <0.001
Random effects:

o2 18.88

Too 0.00 site

3 1 '61 season

Observations 384 288
R?/ R? adjusted 0.756 /0.753
Marginal R? / Conditional R? 0.643 / NA
RMSE 8.40 4.32
AIC 2736.701 1692.266

the exponential curve. The model estimates that the value of b is —662.17 with a standard error of
71.81, while the value of a is estimated to be 43.87 with a standard error of 6.85. Estimates both
for “a” and “b” are statistically significant (p<0.001). The variance explained by the NL model
(R?) is 0.56. The AIC with 1687.284 is lower compared to the fitted linear regression models (LI,
ME) indicating a better explanation of the data. The RMSE is 4.48 and is somewhat larger than
the RMSE of the ME model (4.32). This indicates that the average magnitude of the prediction
errors is 0.16% BSA larger for the NL model, compared to the ME model. The regression line of
the NL model is plotted along with the underlying data points in Fig. 9a. In Fig. 9b the observed
BSA is plotted against the BSA predicted by the NL model. The datapoints are clustered below the
dashed line that represents the line of perfect fit, which indicates that the NL model is generally
overestimating the BSA. This is especially true for the early stages during spring storage and for the
entire summer storage period, while the model underestimates the BSA of logs harvested in spring
towards the end of the storage period in June 2021 (T7, T8) after the air temperature had increased.

Table 6. Summary of the results of the non-linear least square regression analysis, which tested
the effect of the mean daily temperature sum to which the Norway spruce logs were exposed, on
the percentage of sapwood that was discolored by sap-staining fungi (R? = coefficient of determi-
nation, RMSE = root mean square error, AIC = Akaike’s Information Criterion).

Non-Linear (NL)

Term Estimates Std.error t-statistics p Clos

a 43.87 6.85 6.40 <0.001 30.37,57.36

b —-662.17 71.81 -9.22 <0.001 -803.63, -520.70
Observations 288

R2 0.56

RMSE 4.48

AIC 1687.284
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4 Discussion
4.1 Moisture content and wood density

The observed differences in moisture content between the two data sets, summer.JBG and summer.
KRA, as shown in Fig. 6, are most likely due to a synergistic effect between the low wood density
of the former and the prior bark beetle infestation of the latter. The exceptionally high moisture
content of the fresh summer.JBG logs is most likely due to their low wood density. The differ-
ences in wood density within a species of ring porous and most conifer wood depend on the width
of the tree rings (Friend et al. 2022), which were apparently wider than in the other samples. The
proportion of early wood is high, which provides more space for voluminous xylem cells where
water could be transported and stored (Hao et al. 2013).

The low and even negative drying rates observed in 2021 were caused by the cold and wet
weather conditions (Fig. 3b) that prevailed at the trial site in April and May, which determine log
drying rates (Erber et al. 2015). Although the bark beetle-infested summer.KRA logs were already
relatively dry when delivered to the trial site, further decrease of moisture content during on-site
storage between T1 and T8 was the highest among the four datasets.

It has been reported in the literature that extraordinarily high moisture content in freshly
cut wood inhibits fungal growth (Seifert 1993), but considering the immediate blue-stain onset in
the summer.JBG logs, which had the highest moisture content among the datasets, an appropriate
limit was not exceeded.

4.2 Blue-stain development and air temperature

The observed differences in onset time, measured in days, between the two trial campaigns 2020
and 2021 as shown in Fig. 7 are most likely due to the different harvesting seasons. The relatively
cold weather conditions in April 2021 (Fig. 3b) hindered bark beetle activity and probably hampered
transmission of air- and waterborne spores, what delayed the appearance of sap-stain at both sites.

In contrast, warm weather conditions prevailed in June 2020 (Fig. 3a). Ips typographus was
already modeled to be active at TO by PHENIPS (Baier et al. 2007), but bark beetle infestation of the
summer.JBG logs was not observed until T2 (Kanzian etal. 2021; Rauch et al. 2022) . However, slight
blueish discoloration caused by sap-stain fungi was detected on four of the twelve log slices that were
cutat T1. This leads to the conclusion that the early appearance of blue-stain on summer.JBG logs is
primarily due to airborne blue-stain introduced through the extensive bark injuries caused by logging
and transportation. Although many discolored areas are surrounded by bark, but blue-stain fungi can
also penetrate through microscopically small injuries to the bark or trunk surface.

The observed effect of harvesting season on the onset time of blue-stain development and the
results from the mixed effects model indicate that the harvesting season has a decisive influence.
As one of the summer datasets was compromised due to bark beetle infestation prior to storage,
these findings should be treated as a strong hint but further research for validation is necessary.
However, the findings are consistent with the results of Yang and Beauregard (2001), who found
no significant discoloration caused by blue-stain fungi on jack pine logs during the first 4 weeks
after spring harvest and the results of Szewczyk et al. (2020) that show quicker blue-stain onset
after summer felling than after spring felling. Furthermore, McCarthy et al. (2012) found that
sap-staining increased more rapidly after summer felling compared to winter felling, where a lag
phase was observed before temperatures rose and sap-staining increased. This is consistent with
the findings of Dimou (2012), showing that logs harvested in late fall could be stored over winter
without any development of blue-stain.
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The significant difference in onset of discoloration in relation to MDTS above 5 °C (Fig. 8)
between the two campaigns 2020 and 2021 is partly due to the described seasonal effect and
partly because the summer.KRA logs were already infested by bark beetles at the beginning of the
experimental period.

A possible explanation for the underestimation of BSA by the NL model towards the end
of the storage period after spring harvest could be the increased growth rate as the air temperature
approaches the temperature optimum for blue-stain fungal growth, which is for many species
between approximately 23.9 °C and 29.4 °C, as reported by Miller (1980).

The model overestimated the BSA at the logs from the summer.JBG dataset. A possible
explanation could be that the logs were heavily damaged during transportation leaving a low
amount of undamaged bark (Fig. 1a), which serves as breeding material for phloem feeding insects
that were assumed to be vectors of blue-stain fungi. This is in contrast to the findings of Szewczyk
et al. (2020) and Uzunovic et al. (1999), who showed that mechanically harvested wood is more
susceptible to blue-stain fungi compared to wood that was felled and delimbed by chainsaw, due
to the extensive bark damage caused by the processor. However, this is not necessarily in conflict
with the present results, because then bark beetles were excluded as vectors but fungal spores were
transmitted by small arthropods or abiotically, and pine species are quite susceptible to these means
of blue-stain fungal transmission. Following this line of reasoning might lead to the conclusion that
the relative importance of abiotic vectors was small after bark beetle infestation between T1 and T2.

4.3 Predicting blue-stain development

As a result of technological advances and increasing computing power (Bauer et al. 2015),
weather- and short- to medium-term climate models such as the ECMWF (European Centre for
Medium-Range Weather Forecasts) model are now reliable enough to provide fairly accurate
estimates of expected daily mean temperatures for a few weeks. This recent development allows
the implementation of weather- and climate forecast models in operational management tasks.

Having that in mind, the NL model could deliver valuable information about forthcoming
sap-stain development. With the introduction of a threshold value for degradation of log quality to a
lower class, the predictive model could serve as a tool within a decision support system to estimate
lead times and develop quality based transportation strategies (Kogler and Rauch 2023) . A survey
of professionally trained wood inspectors, who evaluated and classified images of log ends with
varying degrees of blue-stain, found that logs with more than 5% blue-stain over the total cross
sectional area were likely to be downgraded to a lower quality class (Kanzian et al. 2021; Rauch
et al. 2022) . Considering a ratio of 0.50 between sapwood and total cross-sectional area within
the reduced data set, a threshold value of 10% BSA can be assumed. Based on this assumption and
the results of the NL model, a degradation to a lower quality class and consequently a significant
loss in value would occur after reaching a MDTS of 448 °C under the given circumstances. This
estimate could be used to assess the urgency of transport out of the forest to avoid financial losses
from blue-stain fungi.

4.4 Limitations of the study

The authors are aware, that the experimental design has some weaknesses. One could only make an
educated guess as to how long the logs were stored before being delivered to the experimental site,
because the exact harvesting date is unknown. Quantifying the BSA found on the logs at TO and an
exact harvesting date would have allowed reasonable incorporation of this data set into the model,
but this was not done because the experiment was designed for fresh logs without any discoloration.
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Another flaw in the experimental design is that the logs were laid side by side rather than in
a stack (Fig. 1). This was necessary to allow access for weekly sampling to obtain data for a time
series. As a result, the sun shined directly on the topside of the logs, which considerably increased
the bark temperature and may have degraded the habitat quality for the phloem feeding insects,
which are thought to be important vectors of blue-stain fungi. In addition, drying rates in the sun-
facing parts of the logs are likely to be higher than in the ground-facing parts, implying differences
in substrate quality for sap-stain fungi. It was observed that sap-staining occurred mostly at the
ground- and side-facing parts of the logs, which leads to the conclusion that the percentage of BSA
in a wood stack would be higher.

Furthermore, distinguishing between sapwood and heartwood, and further between sun- and
ground-facing sapwood in the determination of moisture content and density may have increased
resolution and provided further insights but was not feasible due to labor and time constraints in
this study.

5 Conclusions

An experiment was conducted over two years and at two different sites to understand the effect of
temperature on the development of blue stain on Norway spruce logs. Strong evidence for a har-
vesting season effect was found. The influence of the temperature sum to which the logs had been
exposed since harvest was confirmed and a non-linear model was developed to use temperature
data to infer on blue-stain development over time. Based on the model metrics and residual analy-
sis, the nonlinear approach seems to provide valuable insights, considering that the dependence
of blue-stain development on temperature is most interesting in its early stages, before degrada-
tion to a lower quality class could occur. With the increasing accuracy of weather forecasting, a
predictive model to estimate the timing of this degradation could be of practical use and serves
as a sub-model for simulating wood quality degradation. However, further research is needed to
better understand the temperature dependence of blue-stain spread and to address questions that
were left open in the present study.
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