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1  Introduction

Fungal biodeterioration, particularly caused by decay fungi, 
poses a major threat to the longevity of wood in outdoor 
applications (Mangini et al. 2025). Pine sapwood shows a 
much lower resistance to decay processes by wood-destroy-
ing fungi than its heartwood which can be attributed to 
its chemical composition and anatomical characteristics. 
Whereas a high permeability and hygroscopicity, especially 
of pine sapwood sections provides advantages for impreg-
nations with liquids which aim at an increased durability, the 
same characteristic does on opposite promote an increased 
moisture uptake, which may lead to favourable conditions 
for fungal colonization inside the wooden structure. Con-
sequently, untreated pine sapwood is generally classified 
as a material with low resistance to fungal decay, thus a 
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Abstract
Fungal decay significantly affects the performance of wood used for outdoor applications. Both biocidal and non-biocidal 
treatments have been explored to enhance the resistance of wooden materials against decay fungi. This study evaluated 
the effects of different concentrations of copper-based and silicone-based products on the durability of different pine 
species (Pinus sp.) against brown-rot fungi. Treated specimens of Pinus radiata, Pinus sylvestris and Pinus palustris 
were exposed to monocultures of Coniophora puteana, Rhodonia placenta and Antrodia vaillantii after an accelerated 
ageing procedure. Durability was assessed based on mass loss and durability classes assigned to untreated as well as 
treated specimens. Both treatments significantly increased the decay resistance, whereas no significant differences could 
be measured between the wood species or decay fungi. Silicone oil showed a clear concentration–durability relationship: 
treatments at ≥ 5% provided the maximum protection level and were classified as “very durable” (DC 1) in most cases. 
For treatments with copper-based preservatives, the highest concentration generally resulted in the highest durability class, 
although some samples were only moderately durable. This indicated that starting from a concentration of 3%, copper-
based treatments contributed to reduce the mass loss. Principal component analysis was applied to verify the relationship 
between the variables. The results confirmed these patterns and highlighted the potential of intermediate concentrations to 
optimize the biological durability. Overall, the findings demonstrated that both copper-based and silicone-based treatments 
effectively enhanced the resistance of sapwood sections of various pine species to different brown-rot fungi, primarily by 
maintaining low moisture content (MC) and minimizing fungal activity and decay measured on the basis of mass losses 
(ML) even after fungal exposure.
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durability class (DC) 5 ‘not durable’ is assigned according 
to EN 350 (2020). The latter makes an effective modifica-
tion or preservation of pine sapwood essential for the case 
that outdoor applications are aspired.

To mitigate this problem, numerous products and tech-
niques have been developed to enhance wood durability. 
Biocidal agents, such as copper-based preservatives, act 
primarily through their toxicity, directly inhibiting fungal 
proliferation. In contrast, non-biocidal treatments, based 
on chemical, physical or thermal modifications of the wood 
ultrastructure (e.g., acetylation, furfurylation, and applica-
tion of Si-based systems) reduce wood–water interactions, 
block pores, and increase dimensional stability, thereby 
decreasing substrate biodegradability (Gérardin 2016; 
Sandberg et al. 2022).

Although treatment with biocidal formulations remains 
a common practice for outdoor applications, many contain 
hazardous substances such as chromated copper arsenate 
(CCA). The use of CCA has been drastically reduced world-
wide due to environmental and health concerns. Indeed, it 
is now banned in several European countries (Schultz et al. 
2007). In Brazil, CCA has been widely applied since the 
1970s due to its proven effectiveness, yet it is considered to 
be Class I – Hazardous according to the Brazilian Associa-
tion of Technical Standards (Ribeiro et al. 2025). Despite 
this classification, there are no legal restrictions on its 
use, raising concerns about leaching or improper disposal, 
thereby causing soil and water contamination and toxicity to 
living organisms. Alternatively, chromium- and arsenic-free 
preservatives containing copper and organic co-biocides 
(e.g., Cu-HDO) that form insoluble compounds within the 
wood structure (Kängsepp et al. 2011) have shown high effi-
cacy against decay fungi (Baysal et al. 2017).

In recent decades, research and technological develop-
ment have increasingly focused on wood modification tech-
niques employing non-biocidal compounds, which provide 
in-service protection through nontoxic mechanisms (Gérar-
din 2016; Sandberg et al. 2022). These approaches improve 
wood performance without relying on toxicity, and their 
adoption is expected to expand in the coming years, achiev-
ing large-scale application for wood protection (Gérardin 
2016). Among these, silicone-based formulations have been 
tested to verify their effectiveness in improving wood prop-
erties, such as durability against fungal decay (Mai and Mil-
itz 2004).

Numerous studies have demonstrated that both chemi-
cal modification and preservative treatments can substan-
tially improve the biological durability of wood (Emmerich 
et al. 2021a; Kurkowiak et al. 2021; Brischke et al. 2024). 
These improvements are widely attributed to increased 
dimensional stability, which makes the material less sus-
ceptible to failure originating from swelling and shrinking 

processes (Sandberg et al. 2022). This effect of reduced 
moisture uptake contributes to improved decay resistance, 
since moisture dynamics, specifically the moisture suscep-
tibility of wood, play a key role in decaying and infestation 
processes.

After chemical modification or preservative treatment, 
several factors help to increase durability against biodete-
rioration, particularly those related to changes in the wood’s 
chemical composition and structure. These treatments can 
alter the substrate by depositing substances within macro 
voids and cell walls, and by affecting related properties 
such as moisture dynamics (Treu et al. 2011; Emmerich et 
al. 2021b). Assessing these factors through adequate qual-
ity control is essential to ensure optimal performance of 
the treated material, since the chemical retention inside the 
wooden structure, specifically after ageing, is the key param-
eter related to effective protection. Moreover, determining 
the minimum effective concentration able to improve bio-
logical durability is necessary to ensure cost-effective and 
scalable industrial application, especially for products con-
taining leachable components.

The aim of the present study was to evaluate the effec-
tiveness of a copper-based biocidal preservative and a non-
biocidal silicone-based formulation to enhance biological 
durability of pine sapwood, with special focus on brown-rot 
fungi. For this purpose, different pine species were tested in 
order to validate the general applicability of the treatments 
of choice along treatable wooden materials with varying 
densities and origin. Additionally, treatment levels needed 
to achieve certain protection levels in pine sapwood sec-
tions, expressed by durability classes, were studied.

2  Materials and methods

2.1  Wood material and treatment process

2.1.1  Material preparation

Sapwood of longleaf pine (Pinus palustris L.), Monterey 
pine (Pinus radiata D. Don) and Scots pine (Pinus sylves-
tris L.) with an average density of 0.56  g cm− 3 (± 0.04), 
0.48 g cm− 3 (± 0.03) and 0.48 g cm− 3 (± 0.03), respectively, 
obtained from forests being located in Brazil, New Zealand 
and Lower Saxony (Germany), were used for the present 
study. All specimens selected were free from defects such as 
cracks, knots, resin pockets, discoloration or decay. Before 
conducting the treatments, specimens measuring 25 mm × 
15 mm × 50 mm (radial × tangential × longitudinal) under-
went an oven drying at 103 ± 2 °C until constant mass.

Copper-based formulations were used as representa-
tives of biocidal treatments, while silicone oil served as 
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a representative of non-biocidal treatments. The concen-
trations were determined based on previous experiments 
conducted by the research group. The test specimens were 
impregnated with these formulations at different concentra-
tions, prepared by diluting the products in cold tap water 
(mass/mass ratio) according to the concentration levels 
described in Table 1.

2.1.2  Chemical treatment

Kiln-dried specimens were impregnated in a semi-industrial 
scale impregnation plant at the University of Göttingen by 
applying a vacuum (5  kPa) for one hour, followed by an 
overpressure step at 1,200 kPa for two hours. Immediately 
after treatment, specimens treated with copper-based pre-
servatives were weighed to calculate the chemical uptake, 
according to Eq. 1.

U = BU
V

� (1)

Where: U = Chemical uptake (kg/m³); BU = Biocide uptake 
(kg); V = specimen volume (m3).

Afterward, impregnated specimens were stored to air 
dry for two weeks, then dried in an oven at 50 °C for 48 h. 
Finally, the dry mass and dimensions of the samples treated 
with silicone oil were measured to calculate the weight per-
cent gain (WPG%) and cell wall bulking (CWB) according 
to Eqs. 2 and 3 (Emmerich et al. 2020).

WPG = ( mfinal − m initial)
m initial

100� (2)

CWB = ( Afinal − A initial)
A initial

100� (3)

Where: WPG = weight percent gain after impregnation and 
oven drying at 50 °C (%); m0 = oven-dry mass of untreated 
wood (g); mfinal = dry mass after treatment (g); CWB = cell 
wall bulking after impregnation and drying (%); Ainitial 
= initial dry cross-sectional area (radial × tangential) of 

untreated wood (mm²); Afinal = cross-sectional area (radial 
× tangential) after treatment (mm²).

2.2  Leaching test

Untreated European beech (Fagus sylvatica L.) specimens 
with dimensions of 25 × 15 × 50 mm³ (radial × tangential × 
longitudinal) were included as virulence controls, and from 
here on were included in all stages of the experiment. All 
specimens were subjected to a cold-water leaching accord-
ing to EN 84 (2020).

After leaching, the specimens were dried at ambient con-
ditions and then kiln-dried at 103 °C until constant mass. 
Once again, the dry mass and dimensions were measured, 
and WPG and CWB after leaching were calculated accord-
ing to Eqs. 2 and 3. Then, the specimens were kept in the 
climatic chamber (20 °C, 65% RH) until being use for the 
fungal exposure. Weight loss due to leaching (WLL) was 
calculated according to Eq. 4.

WLL = ( mAT − mAL)
mAT

100� (4)

Where: WLL = weight loss of untreated or treated wood due 
to leaching (%); mAT = initial dry mass of untreated and 
treated wood (g); mAL = the mass at 103 ◦C of untreated and 
treated wood samples after the leaching process (g).

2.3  Durability assessment

Decay tests with basidiomycete monocultures used three 
species of brown rot fungi: Coniophora puteana (Schum.:Fr) 
Karst, Rhodonia placenta (Fr.) Niemelä, K.H. Larss. & 
Schigel and Antrodia vaillantii (DC.:Fr.) Ryv. The testing 
procedure followed EN 113-2 (2021). First, conditioned 
specimens were steam sterilized at 121 °C for 20 min. After 
sterilization, two specimens of each treatment were placed 
in a Kolle flask containing the mycelium of the cultivated 
fungus and positioned on a steel ring to avoid direct con-
tact. Each treatment x species combination was tested with 
ten replicates (n = 10), with two specimens in each vessel, 

Chemical nature Copper-based preservative Silicone oil
Concentrate based on copper salts (copper 
carbonate/hydroxide), copper HDO (copper 
diazonium dioxygen) and boric acid.

Special compounded polysi-
loxane hydrophilic silicone

Physical form Concentrated liquid; completely soluble in 
water

Microemulsion, dilutable with 
cold water in all proportions.

Density (20 °C) Approx 1.2 g/cm³ Approx 0.99 g cm− 3

pH 9.6 4.5–5.5
Solid content product 19.8% 18.5%
Concentrations 
of impregnation 
formulations

0.75%, 1.5% and 3.0% 1%, 2.5%, 5%, 7.5%, and 
10%

Table 1  Technical information 
from manufactures of products 
used for the wood chemical treat-
ment process
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durability class (DC) for both treatments. Pearson correla-
tion analyses were conducted for variables previously men-
tioned, and the two principal components (PC1 and PC2) 
that explained the greatest proportion of total variance were 
selected. A scatter plot was constructed using PC1 and PC2 
as the axes to visualize sample groupings and trends.

3  Results and discussion

3.1  Mass loss by fungal decay

As can be seen in Fig. 1, both treatments had a concentra-
tion-dependent pattern, since as uptake and weight percent 
gain increased, mass loss decreased. Untreated pine sap-
wood specimens, in contrast, were classified as slightly 
durable to non-durable (DC 4–5), a result consistent with 
the literature (Brischke and Alfredsen 2022), therefore con-
firming the protection efficacy of the products application.

Although the copper-based preservative had a greater 
variability among evaluated species (Fig. 1a, c, e), it was 
observed that mass loss decreased with increasing prod-
uct concentration, with 3% achieving the lowest values. 
This correlation of concentration, uptake, and performance 
reflects the fact that copper is a highly leachable compo-
nent, whose fixation in wood depends on the concentration 
of the active ingredient (Humar et al. 2007). Reduced leach-
ing at higher concentrations resulted in greater preservative 
fixation and increased durability, corroborating the results 
reported by Treu et al. (2011), Kängsepp et al. (2011), and 
Temiz et al. (2014).

The increase in wood durability with higher concen-
trations of copper-based preservative can be attributed to 
the dose-dependent availability of Cu²⁺ ions, which inter-
fere with the wood degradation mechanisms of brown rot 
fungi (Civardi et al. 2015). Those authors also explained 
that in these fungi, copper disrupts key biochemical path-
ways involved in lignocellulose decomposition, such as 
free hydroxyl radical generation via Fenton reaction and 
the associated production of oxalic acid, which regulates 
pH and metal availability during decay. The inhibition of 
these oxidative and enzymatic processes reduces the fungi’s 
ability to depolymerize cell wall components, ultimately 
limiting wood deterioration. Higher preservative concentra-
tions also enhance copper fixation within the wood, creating 
a reservoir effect that maintains long-term protection and 
contributes to the improved biological durability observed 
in this study.

The response to copper treatment is further influenced by 
the physiological characteristics of the fungal species and 
the surrounding chemical environment. The three fungal 
species tested belong to copper-tolerant genera (Costa et al. 

corresponding to five culture vessels per combination. After 
insertion of the specimens, the culture vessels were stored in 
a chamber with controlled temperature and humidity condi-
tions for 16 weeks.

After the exposure, the specimens were removed from 
the culture vessels and cleaned to remove any traces of 
mycelium and immediately weighed. Subsequently, speci-
mens were placed in a drying oven at 103 ± 2.0 °C until con-
stant mass. Finaly, the mass loss (ML) and moisture content 
(MC) of the materials were determined according to Eqs. 5 
and 6.

ML = ( m0 − m i,0)
m 0

100� (5)

MC = ( mi − m 0)
m 0

100� (6)

Where: ML = mass loss after decay testing (%); MC = mois-
ture content after three months incubation (%); m0 = initial 
oven-dry mass before incubation (g); mi = mass after incu-
bation (g); mi,0 = oven-dry mass after incubation (g).

Arithmetic means and standard deviations of the calcu-
lated mass loss values were obtained per treatment com-
bination. Based on the average of ML values of the test 
specimens, durability classes were assigned according to 
EN 350 (2016), as shown in Table 2.

2.4  Statistical analysis

Pearson correlation and principal component analysis 
(PCA) were carried out using the RStudio software (version 
2024.12.0 + 467), with the aid of the packages factoextra for 
extracting individual coordinates and explained variance, 
and ggplot2 for constructing graphs, applying confidence 
ellipses, and customizing shapes, colors, and themes. PCA 
was applied to reduce the dimensionality of the dataset by 
transforming correlated variables into a smaller set of uncor-
related principal components (PCs). The variables included 
in the PCA were weight percent gain (WPG) and cell wall 
bulking (CWB) before and after leaching for silicone treated 
samples; preservative uptake for the preservative-treated 
samples and mass loss (ML), moisture content (MC), and 

Table 2  Durability Classes (DC) for classifying the untreated and 
treated wood using the mass loss (ML) values (EN 350, 2016)
Durability class (DC) Description Mean ML [%]
1 Very durable ≤ 5
2 Durable > 5 to ≤ 10
3 Moderately durable > 10 to ≤ 15
4 Slightly durable > 15 to ≤ 30
5 Not durable > 30
 Source: EN 350 (2016)
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near neutral pH, the leaching process may have indirectly 
promoted preservative permanence by creating conditions 
less favourable for fungal development. Overall, these inter-
actions between fungal physiology, pH dynamics, and pre-
servative chemistry help explain the protective behaviour 
observed across treatments and the concentration-dependent 
patterns of durability.

In contrast, the silicone oil treatment, showed a clear 
relationship between product concentration and mass loss 

2022), capable of surviving in metal-impregnated substrates 
through mechanisms such as pH regulation. For instance, A. 
vaillantii is particularly aggressive because it acidifies the 
surrounding environment prior to degradation, which pro-
motes copper solubilization and enhances its own metabolic 
activity (Humar et al. 2001). However, leaching may coun-
teract this process by increasing the pH, thereby stabilizing 
copper complexes and reducing fungal activity (Ribera et 
al. 2017). Since copper-based biocides tend to remain stable 

Fig. 1  Interrelationship between treatment intensity and mass loss by 
fungal decay according to wood preservative concentration ratio (cop-
per-based preservative; on the left) and weight percent gain (modifica-

tion with silicone oil; on the right), where (a) and (b) exposed to C. 
puteana; (c) and (d) exposed to R. placenta; (e) and (f) exposed to A. 
vaillantii
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among treatment parameters and durability indicators. 
These analyses aimed to identify which variables explained 
most of the variation in wood durability and to detect inter-
action effects among treatments, fungi, and concentrations. 
Pearson’s correlation confirmed that, in the case of preser-
vative treatment, uptake (U) and weight loss after leaching 
(L) were negatively correlated with moisture content (MC) 
and mass loss (ML), indicating that higher product retention 
led to lower deterioration. Regarding silicone oil treatment, 
weight loss after leaching (L), weight percent gain (WPG), 
and cell wall bulking (CWB), before and after leaching, also 
exhibited negative correlations with MC and ML, support-
ing the role of these properties in enhancing wood durability.

PCA reinforced these trends (Fig. 2). In samples treated 
with the copper-based preservative (Fig. 2a), the first princi-
pal component (PC1) explained 58.4% of the total variance 
and was mainly influenced by U (34.3%) and L (30.5%), 
whereas the second component (PC2) accounted for 26.2% 
of the variance and was primarily associated with MC 
(40.4%) and ML (24.7%). For the silicone oil treatment 
(Fig. 2b), PC1 explained 61.7% of the variance, was mainly 
associated with WPG (20.3%), WPG2 (19.6%), and CWB 
(15.5%), whereas PC2 (12.1%) was primarily influenced by 
MC (43.3%), CWB2 (19.4%), ML (18.6%), and L (11.3%). 
Together, these components captured 84.6% and 73.8% of 
the total variance for the preservative and silicone treat-
ments, respectively, indicating a robust representation of the 
main trends in the dataset.

reduction, with higher concentrations consistently enhancing 
wood durability in all the scenarios. The products protective 
performance is primarily achieved through hydrophobic and 
bulking effects (Liu and Cao 2018; He et al. 2019), which 
physically limit fungal colonization and moisture uptake. 
In all conditions, treatments with silicone oil (Fig. 1, b, d 
and f) caused a consistent reduction in fungal decay at WPG 
values between 2 and 4%. This indicates that the product 
remained well fixed within the cell wall, reducing water 
accessibility and consequently biological degradation. The 
lowest mass losses (%ML) were associated with higher con-
centrations and were also accompanied by the maintenance 
of a significant portion of the weight gain (WPG) and cell 
wall bulking (CWB) values even after leaching, confirming 
the product’s stability. From 2.5% for C. puteana (Fig. 1, a) 
and 5% for the other fungal species (Fig. 1, c and e), mass 
loss values remained below 5%, and most zero-decay cases 
occurred above this threshold. This suggests that 5% is the 
minimum concentration required to ensure full protection of 
the pine species tested, but in some cases, a 2.5% concentra-
tion might be enough to cause the same effect. Despite these 
differences, for both products, higher concentrations were 
generally associated with lower mass loss, regardless of the 
fungal or the wood species tested.

3.2  Durability class

Pearson correlation and principal component analysis 
(PCA) were performed to summarize the relationships 

Fig. 2  Loading plot of PC1 and PC2 illustrating the relationship among 
variables for wood treated with (a) copper-based preservative and (b) 
silicone oil. Arrows indicate the direction and magnitude of each vari-
able’s contribution to the components and positively correlated vari-
ables are grouped together. Where: ML: mass loss (%), MC: mois-

ture content (%), L: Weight loss after leaching (%); U: uptake (kg/
m³), WPG: Weight percent gain (%), WPG2: Weight percent gain after 
leaching (%), CWB: cell wall bulking (%), CWB2: cell wall bulking 
after leaching (%)
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observations were concentrated in the highest durability 
class. However, several samples treated with a 3% concen-
tration were also distributed across other durability classes, 
reflecting variability in treatment effectiveness. This vari-
ability can be attributed to the effects of leaching, which 
can have a stronger influence in this quadrant and may have 
affected some wood samples. These results demonstrate 
that higher durability is not always directly correlated with 
higher product concentrations, as also reported by Temiz 
et al. (2014) for copper-based preservatives after leaching, 
where durability varied according to wood species and fun-
gal strain.

In the silicone oil treatments (Fig. 4, b), a clear group-
ing of concentrations above 5% was observed in the highest 
durability class (DC-1). Concentrations of 5% and above 
tended to cluster in the quadrant most influenced by WPG 
and CWB, suggesting that treatments at or above 5% result 
in reduced mass loss, and consequently, greater wood dura-
bility. However, some treatments with 2.5% also achieved 
this classification. Based on these observations, it can be 
inferred that, in general, was the minimum concentration 
required to achieve the highest durability in the wood spe-
cies evaluated in this study.

The relationship between concentration and durability 
class highlights the central role of treatment efficiency in 
determining wood performance under fungal exposure. In 
addition to the effects of concentration, the achieved dura-
bility largely depended on the stability and fixation of the 
products to the wood surface, which determine their per-
manence and protective effectiveness over time. This rela-
tionship confirms that better fixation directly contributed to 
reduce biodegradation and was aligned with higher dura-
bility classifications. Overall, these results suggest that 
the concentrations previously indicated (silicone oil ≥ 5%; 
copper-based preservative = 3%), due to their good perfor-
mance under laboratory conditions are promising for prac-
tical applications, provided their long-term effectiveness is 
validated in tests simulating real service conditions. Fur-
thermore, these findings demonstrate the potential of such 
formulations to serve as more sustainable options compared 
to conventional wood preservatives, which are often associ-
ated with environmental contamination. In this context, the 
results in this study contribute to expand the range of wood 
protection products aligned with sustainability principles 
and reduced ecological impact.

4  Conclusion

Both treatments with biocidal and non-biocidal formula-
tions increased the durability of sapwood from P. palus-
tris, P. radiata, and P. sylvestris against brown-rot fungi. 

Biologically, PC1 represented durability-enhanc-
ing properties (U, WPG, and CWB), while PC2 groups 
involved decay-related factors (MC and ML). The oppos-
ing directions of these vectors indicated an inverse relation-
ship, as MC and ML decreased, wood durability increased. 
The positioning of L closer to durability vectors rather than 
decay variables is technically consistent, since higher prod-
uct uptakes resulted in greater absolute leaching values due 
to excess material in lumens that did not chemically bind 
to the cell wall but remained measurable as leachable resi-
due. Consequently, samples with greater absorption of these 
components tended to have higher absolute weight loss after 
leaching values ​​(L).

Based on the interpretation of PC1 and PC2 as durabil-
ity- and decay-related components, respectively, a subse-
quent analysis was conducted to explore whether different 
experimental factors contributed to the observed variability. 
The PCA was applied to assess how wood species, fungal 
strains, and treatment concentration influenced on overall 
durability (Fig. 3). A substantial overlap among wood spe-
cies indicated little influence on overall durability regard-
less the product (Fig.  3a and b). In contrast, decay fungi 
showed different behavior based on the product use. Regard-
ing silicone oil treatments (Fig. 3d), the clusters overlapped 
uniformly across the species, while in the preservative treat-
ments (Fig. 3c), C. puteana data showed greater dispersion, 
mainly in the quadrant most influenced by ML and MC 
(Fig. 2b). This indicates that the preservative was not as effi-
cient in protecting the wood against C. puteana as it was for 
the other two fungal species, resulting in greater mass loss 
and moisture content under this treatment. Regarding the 
influence of product concentration, no uniform overlap of 
ellipses was observed in either case, indicating a tendency 
toward different efficiency levels among concentrations 
(Fig. 3e and f). For the preservative treatment, the 3% con-
centration was predominantly located in the quadrant asso-
ciated with durability-related components. In contrast, for 
the silicone oil treatment, this trend became evident from 
concentrations at 5% and above.

Finally, PCA incorporating EN 350 (2016) durabil-
ity classes (Fig. 4) confirmed a clear relationship between 
treatment concentration and wood durability. This pattern 
reinforces the overall trend observed in previous analyses, 
demonstrating that increasing the amount of product fixed 
in the wood directly contributed to greater resistance against 
fungal decay and higher durability classifications.

In the preservative treatments (Fig.  4, a), the lower 
concentrations were distributed along the quadrant most 
influenced by ML and MC, whereas the highest concentra-
tion (3%) was concentrated in the quadrant dominated by 
uptake (Fig.  2, a). This indicates that higher preservative 
uptakes generally led to lower mass loss, since most of 3% 
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Nevertheless, the performance of specimens treated with 
the biocidal formulation of choice was less consistent than 
expected, as intermediate durability classes (DC 2–3) were 
assigned to several other samples treated at the highest con-
centration level.

Silicone oil treatments demonstrated a clear relationship 
between treatment concentration and the protective effect 
against decay by brown-rot fungi. Specimens treated at 
concentrations above 5% predominantly reached the high-
est durability class (DC 1). Thus, treatments at around 5% 

Although no major differences had been observed neither 
between wood species nor the fungal species of choice, a 
trend was noted showing that higher treatment concentra-
tions generally led to increased durability. In general, the 
consistent performance across the tested pine species sup-
ports the applicability of the chosen active ingredients for 
enhancing the durability of treatable pine sapwood sections.

Regarding copper-based preservative treatments, most 
samples which achieved the highest durability class (DC 1) 
originated from treatments with the highest concentration. 

Fig. 3  Score plot illustrating the effects of wood species, fungal species and concentration on copper-based preservative (a, c, e) and silicone oil 
(b, d, f) treatments
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can therefore be considered as the recommended treatment 
level, as such may guarantee a DC 1 level in treated sap-
wood specimens. Nevertheless, even samples treated with 
2.5% did partly achieve DC 1 levels, suggesting that con-
centrations between 2.5% and 5% should be further eval-
uated to determine whether lower treatment levels may 
assure a DC 1 level of protection. As a next step, the present 
findings should be validated under field conditions to con-
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under external environments and in real service conditions.
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