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Abstract: There is a need for new solutions in wood protection against marine wood borers and 
termites in Europe. A new solution could be the esterification of wood with sorbitol and citric acid 
(SCA) since these are inexpensive and readily available feedstock chemicals and have shown 
protective properties against fungal wood degradation in earlier studies and prevented 
macrobiological degradation, as shown in this study. Protection of wood products in the marine 
environment lacks available wood preservatives that are approved for marine applications. Termite 
infestation is opposed mainly by biocide treatments of wood. Several wood modification systems 
show high resistance against both marine borers and subterranean termites. However, the existing 
commercialized wood modification products are costly. Both macrobiological forms of degradation 
represent a great threat for most European wood species, which are rapidly and severely degraded 
if not properly treated. This study investigated esterified wood in standard field trials against 
marine wood borers, and against subterranean termites in laboratory trials in a no-choice and choice 
test. The treatment showed good resistance against wood borers in the marine environment after 
one season and against subterranean termites in the laboratory after eight weeks. The low termite 
survival rate (SR) in the no-choice test during the first week of testing indicates a mode of action 
that is incomparable to other wood modification treatments. 
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1. Introduction 

Biodeterioration of most untreated European wood species in the marine environment and in 
termite-infested areas can be very rapid and severe. However, attack by these organisms is limited 
by the geographical distribution of the respective species. Shipworms ingest wood particles produced 
by the grinding action of their shells, while termites manipulate lignocellulosic material with their 
mouth parts. Even though their attack pattern affects the macroanatomical structure of wood, both 
organisms rely on diverse mechanisms involving multiple complementary enzymes to degrade 
lignocellulose [1,2]. 

The tolerance level against termites, which cause significant damage to buildings, is close to zero 
in countries with a relatively high standard of living. In contrast, in less-developed countries no or 
little action is undertaken due to the immense costs of pest management. Current pest management 
programs for subterranean termites may include soil or wall barrier treatments (e.g., fipronil), wood 
treatments and population control using baits (e.g., hexaflumuron or diflubenzuron) together with 
the use of physical or physical–chemical barriers (steel mesh or treated plastic sheets) and adequate 
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design. Nevertheless, all integrated termite control strategies still rely strongly on wood or barrier 
treatments. Inexpensive insecticides have increasingly disappeared due to public health concerns, 
leading to a smaller number of compounds available for use in pest control. Preventive treatment of 
wood against termite attack is dominated by the use of biocides, either pressure-treated with copper-
based products for higher risk applications (e.g., Use Class 4, [3]) or insecticides like permethrin and 
borates. Several techniques of wood modification have also been shown to provide improved 
resistance to subterranean termite attack [4]. 

Six subterranean termites species have been described in Europe, all belonging to the genus 
Reticulitermes (Blattodea, Isoptera, Rhinotermitidae) [5], namely five native species (R. grassei, R. 
banyulensis, R. urbis, R. lucifugus, and R. balkanensis) and one introduced species (R. flavipes). The 
subterranean termite species Reticulitermes grassei from southwestern Europe has also been 
established in Britain [6] and in one of the islands of the Azores [7]. Reticulitermes flavipes, which is a 
common termite species in the eastern part of the United States, has spread to various regions of the 
world such as Canada, the Bahamas, Europe (well established in France and present in Hamburg, 
Germany), and South America [8,9]. 

Subterranean termites build tunnels, which connect the nest with woody resources discovered 
within the territory of each colony [10]. In laboratory trials, however, the food source is easily 
discovered by termites. The termites use the moist sand from the test container to build mud tunnels 
to the wood samples. 

Wood structures in the marine environment are usually protected by wood preservatives, by 
plastic wrapping or coating [11]. However, no wood preservative is approved for marine applications 
in Europe. New attempts to protect wood in the marine environment in Europe include mainly the 
prevention of the settlement of wood borer larvae by mechanical barriers and wood modification 
treatments [12]. Wood modification methods proven to perform well in the marine environment for 
many years are acetylation and furfurylation [13]. In addition, 1.3-dimethylol-4.5-
dihydroxyethyleneurea (DMDHEU)-treated wood has shown promising results after almost 10 years 
of exposure [4,14]. 

Marine wood borers include Bivalvia (Teredinidae and Xylophagaidae), Isopoda (Limnoriidae 
and Sphaeromatidae), and Amphipoda (Cheluridae). In Europe, most wood-boring bivalves belong 
to the Teredinidae, but species of the Xylophagaidae, such as Xylophaga dorsalis, have also been 
reported as present near the sea bed in Europe [15]. Comprehensive studies on the biogeography of 
wood-boring crustaceans (Limnoriidae) and bivalve wood borers (Teredinidae) in European coastal 
waters have shown the diversity of established species and their past and recent distribution [16,17]. 

Wood modification provides dimensional stability and extends the service life of wood by 
protecting it from biological attack without the use of biocides. The main commercialized wood 
modification processes have gained market share in Europe across a wide range of use classes. 
However, none of the commercialized wood modification systems are certified for use in termite-
infested areas or the marine environment. Modified wood is gaining more favor with architects, 
specifiers, and end-users, which suggests a continued success [18]. Nevertheless, the commercialized 
wood modification systems are significantly more expensive than traditional alternatives containing 
biocides and can still be considered a niche product. Thus, a new, low-cost, and non-toxic wood 
modification system is urgently needed. Inexpensive and readily available feedstock chemicals, 
which are more environmentally benign, have been used in the treatment of wood with a 
combination of sorbitol and citric acid (SCA modification). Earlier studies on the utilization of sorbitol 
for wood modification have been limited to describing solely the dimensional stabilization of the 
wood matrix [19]. In recent studies, SCA-modified wood was shown to exhibit not only enhanced 
dimensional stability, but also durability against decay fungi and reduced susceptibility to blue stain 
fungi [20]. 

Several studies have used citric acid and glycerol for wood protection. Essoua et al. [21] and 
L’Hostis et al. [22] observed, among other properties, improved mechanical properties and better 
protection against fungal decay. Berube et al. [23] found that the use of acid catalysts resulted in 
higher levels of polymerization. Guo et al. [24] investigated activated glucose and citric acid using 
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Scots pine sapwood. Citric acid has also been used as a wood modification method to improve the 
water resistance of the end grain of butt joints in wood welding [25] and as a wood modification 
agent for solid wood, where it acts as a cell wall crosslinking agent [26,27]. 

The resistance of SCA-treated wood against wood borers in the marine environment and against 
subterranean termites has not been studied earlier and is presented in this study. The aim of this 
study was to expose different treatment levels of SCA-treated wood using European wood species to 
marine wood borers in two field test sites and to a no-choice (forced feeding) test and a two-choice 
test using subterranean termites in laboratory trials. 

2. Materials and Methods 

2.1. Wood Treatments 

Scots pine sapwood (Pinus sylvestris L.) and spruce wood samples (Picea abies (L.) H.Karst.) were 
treated using different concentrations of a sorbitol and citric acid (SCA) stock solution. The stock 
solution (pH 2, density = 1.28 g/cm3) was prepared from powdered citric acid (VWR Chemicals, 
Kokstad, Norway, CAS 77-92-9) and D-Sorbitol (Ecogreen Oleochemicals GmbH, Dessau-Roβlau, 
Germany, CAS 50-70-4) in a 3:1 molar ratio. The solids were dissolved in deionized water at room 
temperature to make a stock solution of 56% w/w concentration. The stock solution was then diluted 
to different concentrations leading to the different weight percentage gains (WPGs) of wood samples 
listed in Table 1. 

Scots pine sapwood samples were treated by precipitation of calcium oxalate CaOx in the wood 
and the reaction by-product potassium chloride (KCl). The treatment was initiated by the reactants 
potassium oxalate monohydrate (KOx, Sigma-Aldrich (Merck KGaA), Darmstadt, Germany, CAS 
6487-48-5) and calcium chloride hexahydrate (CaCl2, Sigma-Aldrich, CAS 7774-34-7). 

Acetylated radiata pine (Pinus radiata D. Don) was provided by Accsys Technologies (Accoya®, 
Arnhem, The Netherlands). 

Thermally modified ash (Fraxinus excelsior L.) was purchased at Maxbo hardware store and 
produced by Moelven, Moelv, Norway. 

Table 1. Overview of weight percentage gain (WPG) of sorbitol and citric acid (SCA)-treated Scots 
pine and spruce wood samples used in field tests in the marine environment and in termite exposure. 
SD, standard deviation. 

WPG Group Wood Species Average 
WPG (%) SD Type of Test 

SCA WPG25% Picea abies 26.8 6.0 

Marine application 

SCA WPG25% Pinus sylvestris sapwood 25.1 0.8 
SCA WPG34% P. sylvestris sapwood 33.8 3.6 
SCA WPG38% P. abies 37.9 10.6 
SCA WPG50% P. abies 56.7 17.7 
SCA WPG50% P. sylvestris sapwood 52.9 1.2 
SCA WPG70% P. abies 74.4 7.4 
SCA WPG70% P. sylvestris sapwood 70.2 3.5 
SCA WPG84% P. sylvestris sapwood 83.9 18.0 
SCA WPG90% P. abies 92.9 12.9 
SCA WPG90% P. sylvestris sapwood 88.9 13.6 
SCA WPG25% P. sylvestris sapwood 25.1 3.0 

Termite exposure SCA WPG70% P. sylvestris sapwood 71.6 3.9 
SCA WPG100% P. sylvestris sapwood 100.4 4.1 

2.2. Termite Exposure 
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The species Reticulitermes grassei Clément (Blattodea: Isoptera: Rhinotermitidae) was used for 
the termite trials in the laboratory. The termites were collected in a forest of maritime pine (Pinus 
pinaster Ait.) in Portugal. The termite test was performed according to EN 117 [28] as a no-choice 
(forced feeding) test and adapted as a two-choice test with five replicates of three different 
concentrations of SCA, resulting in a weight percent gain (WPG) of approximately 25%, 70%, and 
100% of SCA-treated Scots pine wood specimens. The wood samples with dimensions of 15 × 25 × 50 
mm were not leached prior to termite exposure. Glass (EN 117) or plastic (choice test) containers filled 
with a layer of about 6 cm loose fill and humidified sand (4 parts of Fontainebleau sand® to 1 of 
distilled water) were used for the tests. To each container, 250 workers were added as well as 1–3 
soldiers and 3–5 nymphs. After installation of the termites, the test specimens were placed inside the 
containers. All test containers were kept in a conditioned chamber at 24 ± 2 °C and relative humidity 
of 80% ± 5% for 8 weeks or until all termites were visibly dead. 

Untreated sapwood samples of Scots pine and maritime pine (5 replicates) were used as controls 
in the no-choice test, while Scots pine was used as reference in the two-choice test (3 replicates, 6 test 
specimens). Termite resistance was determined according to EN 117 [28] criteria after 8 weeks of 
termite exposure by registering the survival rate (SR) (percentage of living termites at the end of the 
test) and visual examination and grading of the test specimens using the EN 117 [28] rating system 
from 0–4 (where 0 = no attack, 1 = attempted attack, 2 = slight attack, 3 = average attack, and 4 = strong 
attack, Figure S1) and additionally by wood mass loss (%). 

The mass loss was calculated as follows: 𝑀𝐿 (%) = (𝑚଴ଵ − 𝑚଴ଶ)𝑚଴ଵ × 100 (1) 

where 𝑀𝐿  is the mass loss after termite exposure, 𝑚଴ଵ  is the dry mass of treated or untreated 
control wood samples before termite exposure, and 𝑚଴ଶ  is the dry mass of treated or untreated 
wood samples after termite exposure. The wood dry mass was determined by drying the wood 
samples in an oven at 103 °C and included the mass of the SCA polymer in treated samples. 

Wood moisture content was also determined after the termite exposure and calculated as 
follows: 𝑀𝐶 (%) = (𝑚௨ − 𝑚଴ଶ)𝑚଴ଶ × 100 (2) 

where 𝑀𝐶  is the wood moisture content after termite exposure, 𝑚௨  is the mass of treated or 
untreated wood samples after termite exposure, and 𝑚଴ଶ is the dry mass of treated or untreated 
wood samples after termite exposure. 

In addition, the number of termites was counted before and after testing and a survival rate (%) 
was calculated as follows: 𝑆𝑅 (%) = (𝑁௧ଵ − 𝑁௧ଶ)𝑁௧ଵ × 100 (3) 

where 𝑆𝑅 is the termite survival rate after termite exposure, 𝑁௧ଵ is the number of termite workers 
at the beginning of the termite test, and 𝑁௧ଶ is the number of termite workers after termite exposure. 

2.3. Exposure to the Marine Environment 

Sorbitol and citric acid (SCA)-treated wood, Norway spruce, and Scots pine sapwood, with 
different treatment levels (Table 1), were tested against wood borers according to EN 275 [29] at two 
test sites in the Oslofjord (Figure S2) during one season (May to September 2019). Norway spruce 
was used in addition to pine since earlier trials at the Norwegian Institute of Bioeconomy Research 
(NIBIO) showed that spruce was treatable with SCA. The dimension of the wood samples was 25 × 
75 × 200 mm. 

Acetylated radiata pine samples from commercial production were used as wood modification 
reference as one of the known durable modification treatments, however not certified for Use Class 
5, performing well in the marine environment [13]. Thermal treatment was used as an additional 
wood modification reference since it is a treatment resulting in increased hardness of the surface [30] 
and has shown fungal decay resistance in Service Class 3 (outside applications) [31]. 
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Calcium oxalate was used as a wood treatment, since mineralization is described as resulting in 
an insoluble salt calcium oxalate [32]. However, the method has not been used in the marine 
environment before, but it was assumed that the treatment would result in increased hardness of the 
surface, thereby preventing teredinid larvae settlement. 

Several untreated wood species were used as control samples, both softwoods and hardwoods 
(Table 2), since they reflect different durability, density, chemical composition, and anatomical wood 
structure. The resistance against wood borers was described by a rating system from 0–4 using X-ray 
photos from each wood sample (Figure S3). 

Table 2. Overview of treatments tested in the marine environment. 

Short Name Treatment Wood Species Test Site 

Number of 
Samples per 
Treatment 

Level 

SCA 
Modification with citric acid and 
sorbitol, different concentrations 

(see Table 1) 

P. abies, P. sylvestris 
(sapwood) 

Drøbak, Moss 
harbor 

3 

Acetylation 
Modification with acetic 

anhydride 
Pinus radiata Moss harbor 6 

CA oxalate 

Precipitation of calcium oxalate 
CaOx in the wood and the 

reaction by-product potassium 
chloride (KCl). The treatment is 

initiated by the reactants 
potassium oxalate monohydrate 

(KOx) and calcium chloride 
hexahydrate (CaCl2) 

P. sylvestris (sapwood) 
Drøbak, Moss 

harbor 
3 

Thermal 
modification 

Thermal modification of ash 
wood 

Fraxinus excelsior 
Drøbak, Moss 

harbor 
3 and 6 

Spruce Untreated P. abies 
Drøbak, Moss 

harbor 
3 and 6 

Scots pine 
sapwood 

Untreated P. abies 
Drøbak, Moss 

harbor 
6 

Sessile oak Untreated Quercus petraea (Matt.) Drøbak, Moss 
harbor 

3 and 6 

Sipo Untreated 
Entandrophragma utile 

(Dawe & Sprague) Moss harbor 6 

Beech Untreated Fagus sylvatica L. Moss harbor 6 
Radiata pine Untreated P. radiata Moss harbor 6 

Aspen Untreated Populus tremula L. Moss harbor 6 

3. Results 

3.1. Resistance against Subterranean Termites 

SCA-treated wood samples showed increased resistance against termites with increasing WPG 
in both the two-choice test and the no-choice test (Figure 1). The highest WPG in SCA-treated wood 
resulted in nearly no mass loss and no termite attack. However, the termite survival rate in the no-
choice test of SCA-treated wood samples was low even for the low treatment level (WPG 25%) during 
the first week and 100% after the exposure period, whereas termite survival was >50% after the two-
choice and no-choice tests with untreated control wood samples (Table 3). 
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(a) (b) 

Figure 1. Mass loss (in red) and attack rating (in blue) of SCA-treated and untreated control wood 
after termite attack in (a) a two-choice test and (b) a no-choice test. 

A higher survival rate was observed in the no-choice test for untreated control P. pinaster 
compared with P. sylvestris, which was explained by a higher presence of mold and a higher final 
wood moisture content of P. sylvestris. However, the mass loss was slightly higher for P. sylvestris 
compared with P. pinaster. The high attack rating on untreated control wood samples in both setups 
validated the test. 

It was observed that termites did not avoid the SCA-treated wood material during the first days 
in the no-choice test. However, they died shortly after and were mostly dead within a week. A 
concentration threshold for SCA treatment is assumed to be between 25% and 70%. 

Table 3. Wood moisture content (MC) and termite survival rate (SR) after termite exposure in a no-
choice test and a two-choice test. 

Treatment  Test Method Final MC (%) SR (%) 
SCA100% 

no-choice test 

36.7 ± 6.7 0.0 
SCA70% 36.1 ± 5.1 0.0 
SCA25% 40.1 ± 2.6 0.0 

untreated Pinus pinaster 50.0 ± 12.0 65.8 ± 9.8 
untreated P. sylvestris 106.2 ± 25.2 44.5 ± 15.7 

SCA100% 

two-choice test 

45.1 ± 7.7 58.0 ± 14.7 
untreated control (100) 90.6 ± 15.4 

SCA70% 47.4 ± 8.0 67.7 ± 10.9 untreated control (70) 109.4 ± 44.4 
SCA25% 61.4 ± 23.9 

58.2 ± 24.8 untreated control (25) 97.6 ± 39.7 
untreated P. sylvestris 87.0 ± 31.4 64.5 ± 5.3 

3.2. Resistance against Wood Borers in the Marine Environment 

The shipworm activity was high during the exposure in Moss harbor from May to September 
2019 and was even slightly higher compared with the activity at the Drøbak test site, where the same 
test setup was used. Both test sites are located in the Oslofjord. Untreated control wood samples 
showed generally heavy attack (Figure 2) and untreated radiata pine wood samples even failed 
during the exposure (Table 4). The test is considered valid according to the standard, when all 
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untreated control specimens have failed in less than five years. Results from the Drøbak test site, 
where longer experience exists compared to the Moss harbor test site, untreated control samples 
failed after two years. Similar to one-year results from Drøbak, heavy attack of untreated control 
samples can also be seen for the Moss harbor test site. 

Experience from the Drøbak test site in 2018 revealed a slightly lower attack rate in 2019. 

 
Figure 2. Wood borer attack on SCA-treated (left) and untreated control Scots pine sapwood (right) 
after four months exposure in the Oslofjord. 

The protection of wood with SCA showed no attack during the exposure period in the marine 
environment (Figure 2). Even the lowest treatment level, 25% WPG, of SCA-treated wood showed no 
attack (Table 4). 

Table 4. Attack rating after 4 months of wood borer attack (shipworm) in treated and untreated 
control wood species in Drøbak and Moss harbor. 

Treatment Wood Species Test Station N Attack Rating  
(0–4) 

SD 

Ca oxalate P. sylvestris sapwood 

Drøbak 

3 2 0 
SCA WPG25% P. sylvestris sapwood 3 0 0 
SCA WPG34% P. sylvestris sapwood 3 0 0 
SCA WPG50% P. abies 2 0  

SCA WPG50% P. sylvestris sapwood 3 0 0 
SCA WPG70% P. abies 3 0 0 
SCA WPG70% P. sylvestris sapwood 3 0 0 
SCA WPG84% P. sylvestris sapwood 4 0 0 
SCA WPG90% P. abies 2 0 0 
SCA WPG90% P. sylvestris sapwood 3 0 0 

thermal modification F. excelsior 3 2.6 2.3 
untreated P. abies 3 2.6 0.6 
untreated P. sylvestris sapwood 10 2.1 0.3 
untreated P. tremula 1 2  

untreated Q. petraea 2 1 0 
Acetylation P. radiata 

Moss harbor 

6 0 0 
Ca oxalate P. sylvestris sapwood 3 2.7 0.6 

SCA WPG25% P. abies 2 0 0 
SCA WPG25% P. sylvestris sapwood 3 0 0 
SCA WPG34% P. sylvestris sapwood 3 0 0 
SCA WPG38% P. abies 2 0 0 
SCA WPG50% P. abies 2 0 0 
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SCA WPG50% P. sylvestris sapwood 3 0 0 
SCA WPG70% P. abies 2 0 0 
SCA WPG70% P. sylvestris sapwood 3 0 0 
SCA WPG84% P. sylvestris sapwood 3 0 0 
SCA WPG90% P. abies 2 0 0 
SCA WPG90% P. sylvestris sapwood 3 0 0 

thermal modification F. excelsior 6 0.2 0.4 
untreated E. utile 6 0.2 0.4 
untreated F. sylvatica 6 2.3 0.5 
untreated P. abies 6 3 0 
untreated P. radiata 6 4 0 
untreated P. sylvestris sapwood 6 3 0.6 
untreated P. tremula 6 3.3 0.8 
untreated Q. petraea 6 1.5 0.5 

4. Discussion 

The low survival rate of termites in the no-choice test could indicate a biocidal effect of the 
treatment or potential leaching from the treated samples. A high mortality can also be observed in 
termite tests, when biocides in a certain concentration are tested, such as permethrin or imidacloprid 
[33]. Studies with exposed acetylated wood showed high termite mortality rates in no-choice tests 
[34]. However, it is not reported if the termites died as rapidly as in this study. The number of 
protozoa in some termite species decreased when exposed to acetylated wood and led to starvation 
of the termites [35]. However, starvation of termites takes usually between one and two weeks [36]. 
It is therefore assumed that the mode of action of SCA treatment is incomparable to other wood 
modification treatments since mortality was high already within the first days of exposure. However, 
further studies need to include chemical analysis of the polymer in wood in order to identify the 
mode of action of the SCA treatment. Potential leaching of unknown substances from SCA-treated 
wood in decay tests has been reported and could also affect termite tests [37]. 

Untreated control samples in the two-choice test showed high attack and survival rate. Termites 
were feeding on both untreated wood samples in the control setup, preferring sometimes one side 
but still feeding on the other as expected as typical termite feeding behavior [38]. SCA-treated wood 
samples in the two-choice test were avoided by the termites, even for the lowest SCA treatment level. 
Termites were feeding on the untreated control sample in the same container instead and survival 
rate was therefore high in the two-choice setup. Water condensation on the inner side of the container 
was observed around the SCA-treated wood samples and to a much lower extent around untreated 
controls. It has been shown that the SCA treatment changes the hygroscopic behavior of wood [37,39]. 
These changes in wood–water relations could explain the water condensation in the container. 
However, the reason why termites died after a few days in no-choice tests with SCA-treated wood 
but survived to a large extent and avoided the treated material in two-choice tests must be 
investigated. 

While SCA treatment showed a threshold of an effective treatment level between 25% and 70% 
WPG, SCA-treated wood showed no attack by marine wood borers at all treatment levels. Comparable 
to our study on SCA-treated wood, a correlation was found between the termite attack rate and the 
degree of acetylation, and a threshold at 17% WPG was indicated for acetylated wood [35]. 

Compared to the results from Westin et al. (2016), it is evident that one season of exposure to the 
marine environment is not enough to make conclusions [13]. Prolonged exposure will help to 
describe the service life of the SCA treatment. Other test sites, e.g., Kristineberg, Sweden, have longer 
exposure series and have results that show sound samples of different modified wood, such as 
furfurylated and acetylated wood, after 16 years [13]. Acetylated wood was included as a reference 
material in this study since there was no commercially available product for Use Class 5 in Europe 
and acetylated wood had shown good performance in other field trials. Thermally modified ash 
wood showed slight attack after four months of exposure in the marine environment. Good 
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performance is not expected since heat-treated wood showed poor resistance against marine borers 
in a study performed at the test site in Kristineberg, Sweden [40]. 

The treatment of Scots pine sapwood with calcium oxalate showed severe attack. One 
explanation of the low protective effect of the treatment could be an insufficient reaction of the 
chemical components and therefore a potential leaching of unreacted chemicals [32]. 

However, the results of SCA-treated wood are promising since the activity of marine wood 
borers was high in both test sites and untreated wood samples were heavily attacked. Other test sites 
report a comparable service life of untreated Scots pine sapwood of one year [41]. 

A potential leaching of SCA during the exposure to degrading organisms, as discussed above as 
a possible explanation for the low survival rate of termites, is not presumed to be the case, since 
exposure of SCA-treated wood samples in the marine environment should have contributed to a 
reduced effectiveness of the treatment if the polymer is easily leached out by water. 

The authors will continue their exposure test in the marine environment and provide an update 
on the progress in the years to come. The use of wood in the marine environment is attractive for port 
constructions and jetties, but also for groins and revetments, which represent two of the most 
challenging applications [12]. Viable and low-cost alternatives to the banned wood preservation 
systems in Europe need to be found if timber wants to play a bigger role in marine applications. 

5. Conclusions 

SCA-treated wood with a high treatment level showed high resistance against the tested 
subterranean termites in laboratory trials. The low survival rate of termites during the first week of 
testing in the forced feeding test and the high survival rate in the two-choice test point towards a 
termite-repellent effect and needs to be investigated further. 

The SCA-treated spruce and Scots pine of all SCA treatment levels showed no marine borer 
attack after four months of exposure to the marine environment. Further studies of SCA-treated wood 
in the marine environment should investigate concentration thresholds, including additional marine 
test sites and laboratory trials and different wood deteriorating organisms, thereby providing more 
insight into the mode of action. 

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/11/7/776/s1, Figure S1: 
Illustration of rating system for termite attack, Figure S2: Marine test sites in the Oslofjord, Figure S3: Illustration 
of rating system for marine borer attack. 

Author Contributions: A.T. and L.N. were responsible for conceptualization, data evaluation, data validation, 
and formal analysis. All authors contributed to methodology. Investigations and data curation were conducted 
by A.T. The original draft of this article was prepared by A.T., who was also responsible for the review and 
editing process of this article with the help of E.L. A.T. was responsible for project administration and funding 
acquisition. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Norges Forskningsråd (302072) and Regionale forskningsfond 
Oslofjordfondet (298869). 

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

References 

1. Cragg, S.M.; Beckham, G.T.; Bruce, N.C.; Bugg, T.D.H.; Distel, D.L.; Dupree, P.; Etxabe, A.G.; Goodell, B.S.; 
Jellison, J.; McGeehan, J.E.; et al. Lignocellulose degradation mechanisms across the Tree of Life. Curr. Opin. 
Chem. Biol. 2015, 29, 108–119, doi:10.1016/j.cbpa.2015.10.018. 

2. Duarte, S.; Nobre, T.; Borges, P.A.V.; Nunes, L. Symbiotic flagellate protists as cryptic drivers of adaptation 
and invasiveness of the subterranean termite Reticulitermes grassei Clément. Ecol. Evol. 2018, 8, 5242–5253, 
doi:10.1002/ece3.3819. 



Forests 2020, 11, 776 10 of 11 

 

3. BS EN 335:2013. Durability of Wood and Wood-Based Products Use Classes: Definitions, Application to Solid Wood 
and Wood-Based Products; European Standards; European Committee for Standardization CEN: Brussels, 
Switzerland, 2013. 

4. Emmerich, L.; Militz, H.; Brischke, C. Long-term performance of DMDHEU-treated wood exposed in 
ground above ground and marine. In Proceedings of the IRG Annual Meeting, IRG 18-40825, Honey 
Harbour, ON, Canada, 17–22 May 1987. 

5. Clement, J.L.; Bagneres, A.G.; Uva, P.; Wilfert, L.; Quintana, A.; Reinhard, J.; Dronnet, S. Biosystematics of 
Reticulitermes termites in Europe: Morphological, chemical and molecular data. Insectes Sociaux 2001, 48, 
202–215. 

6. Jenkins, T.M.; Dean, R.E.; Verkerk, R.; Forschler, B.T. Phylogenetic analyses of two mitochondrial genes 
and one nuclear intron region illuminate European subterranean termite (Isoptera: Rhinotermitidae) gene 
flow, taxonomy, and introduction dynamics. Mol. Phylogenet. Evol. 2001, 20, 286–293. 

7. Nunes, L. Termite infestation risk in Portuguese historic buildings. In Proceedings of the Wood Science for 
Conservation of Cultural Heritage, Braga, Portugal, 5–7 November 2008; Firenze University Press: Florence, 
Italy, 2010; pp. 117–122. 

8. Evans, T.A.; Forschler, B.T.; Grace, J.K. Biology of Invasive Termites: A Worldwide Review. Annu. Rev. 
Entomol. 2013, 58, 455–474, doi:10.1146/annurev-ento-120811-153554. 

9. Austin, J.W.; Szalanski, A.L.; Myles, T.G.; Borges, P.A.V.; Nunes, L.; Scheffrahn, R.H. First Record of 
Reticulitermes flavipes (Isoptera: Rhinotermitidae) from Terceira Island (Azores, Portugal). Fla. Entomol. 
2012, 95, 196–198, 193. 

10. Nobre, T.; Nunes, L.; Bignell, D.E. Tunneling patterns of the subterranean termite species Reticulitermes 
grassei (Isoptera: Rhinotermitidae). In Proceedings of the IRG 38th Annual Meeting of the International 
Research Group on Wood Protection, IRG/WP 07-10619, Jackson Lake, WY, USA, 20–24 May 2007; p. 12. 

11. Crossman, M.; Simm, J. Manual on the Use of Timber in Coastal and River Engineering; Thomas Telford Ltd: 
London, UK, 2004. 

12. Treu, A.; Zimmer, K.; Brischke, C.; Larnoy, E.; Gobakken, L.R.; Aloui, F.; Cragg, S.M.; Flaete, P.O.; Humar, 
M.; Westin, M.; et al. Durability and Protection of Timber Structures in Marine Environments in Europe: 
An Overview. Bioresources 2019, 14, 10161–10184, doi:10.15376/biores.14.4.Treu. 

13. Westin, M.; Larsson Brelid, P.; Nilsson, T.; Rapp, A.O.; Dickerson, J.P.; Lande, S.; Cragg, S.M. Marine Borer 
Resistance of Acetylated and Furfurylated Wood—Results from up to 16 years of Field Exposure. In 
Proceedings of the IRG Annual Meeting, IRG/WP 16-40756, Lisbon, Portugal, 15–19 May 2016. 

14. Klüppel, A.; Mai, C.; Militz, H.; Cragg, S.M. Performance of some wood modification treatments against 
marine borers. In Proceedings of the IRG Annual Meeting, IRG/WP 14-40668, Queenstown, New Zealand, 
8–12 May 2011. 

15. Santhakumaran, L.N.; Sneli, J.A. Natural resistance of different species of timber to marine borer attack in 
the Trondheimsfjord (Western Norway). In Proceedings of the IRG Annual Meeting, Proceedings IRG/WP 
435, Peebles, UK, 18–22 September 1978. 

16. Borges, L.M.S.; Merckelbach, L.M.; Cragg, S.M. Biogeography of Wood-Boring Crustaceans (Isopoda: 
Limnoriidae) Established in European Coastal Waters. PLoS ONE 2014, 9, e109593, 
doi:10.1371/journal.pone.0109593. 

17. Borges, L.M.S.; Merckelbach, L.M.; Sampaio, Í.; Cragg, S.M. Diversity, environmental requirements, and 
biogeography of bivalve wood-borers (Teredinidae) in European coastal waters. Front. Zool. 2014, 11, 13, 
doi:10.1186/1742-9994-11-13. 

18. Jones, D.; Sandberg, D.; Kutnar, A. A Review of Wood Modification across Europe as Part of COST FP1407. 
In Proceedings of the 9th European Conference on Wood Modification, Arnhem, The Netherlands, 17–18 
September 2018. 

19. Bateson, R G Sorbitol in wood treatment: Further experiments on shrinkage and swelling behavior. Chem. 
Trade J. Chem. Eng. 1938, 102, 26–27. 

20. Larnøy, E.; Karaca, A.; Gobakken, L.R.; Hill, C.A.S. Polyesterification of wood using sorbitol and citric acid 
under aqueous conditions. Int. Wood Prod. J. 2018, 9, 66–73, doi:10.1080/20426445.2018.1475918. 

21. Essoua, G.G.E.; Blanchet, P.; Landry, V.; Beauregard, R. Pine Wood Treated with a Citric Acid and Glycerol 
Mixture: Biomaterial Performance Improved by a Bio-byproduct. Bioresources 2016, 11, 3049–3072. 



Forests 2020, 11, 776 11 of 11 

 

22. L’Hostis, C.; Thevenon, M.F.; Fredon, E.; Gerardin, P. Improvement of beech wood properties by in situ 
formation of polyesters of citric and tartaric acid in combination with glycerol. Holzforschung 2018, 72, 291–299, 
doi:10.1515/hf-2017-0081. 

23. Berube, M.A.; Schorr, D.; Ball, R.J.; Landry, V.; Blanchet, P. Determination of In Situ Esterification 
Parameters of Citric Acid-Glycerol Based Polymers for Wood Impregnation. J. Polym. Environ. 2018, 26, 
970–979. 

24. Guo, W.J.; Xiao, Z.F.; Wentzel, M.; Emmerich, L.; Xie, Y.J.; Militz, H. Modification of Scots Pine with 
Activated Glucose and Citric Acid: Physical and Mechanical Properties. Bioresources 2019, 14, 3445–3458, 
doi:10.15376/biores.14.2.3445-3458. 

25. Amirou, S.; Pizzi, A.; Delmotte, L. Citric acid as waterproofing additive in butt joints linear wood welding. 
Eur. J. Wood Wood Prod. 2017, 75, 651–654. 

26. Vukusic, S.B.; Katovic, D.; Schramm, C.; Trajkovic, J.; Sefc, B. Polycarboxylic acids as non-formaldehyde 
anti-swelling agents for wood. Holzforschung 2006, 60, 439–444. 

27. Ou, R.X.; Wang, Q.W.; Wolcott, M.P.; Sui, S.J.; Xie, Y.J. Rheological Behavior and Mechanical Properties of 
Wood Flour/High Density Polyethylene Blends: Effects of Esterification of Wood with Citric Acid. Polym. 
Compos. 2016, 37, 553–560. 

28. EN 117:2012. Wood Preservatives—Determination of Toxic Values against Reticulitermes Species (European 
Termites) (Laboratory Method); European Committee for Standardization CEN: Brussels, Switzerland, 2012. 

29. BS EN 275:1992. Wood Preservatives—Determination of the Protective Effectiveness against Marine Borers; 
European Committee for Standardization CEN: Brussels, Switzerland, 1992. 

30. Leitch, M.A. Hardness Values for Thermally Treated Black Ash. Wood Fiber Sci. 2009, 41, 440–446. 
31. Candelier, K.; Thevenon, M.F.; Petrissans, A.; Dumarcay, S.; Gerardin, P.; Petrissans, M. Control of wood 

thermal treatment and its effects on decay resistance: A review. Ann. For. Sci. 2016, 73, 571–583, 
doi:10.1007/s13595-016-0541-x. 

32. Franke, T.; Volkmer, T. Treatment of European beech with a new wood fire retardant agent based on in 
situ deposition of calcium oxalate. Holzforschung 2019, 73, 1047–1050. 

33. Rust, M.K.; Smith, J.L. Toxicity and Repellency of Components in Formulated Termiticides Against 
Western Subterranean Termites (Isoptera: Rhinotermitidae). J. Econ. Entomol. 1993, 86, 1131–1135, 
doi:10.1093/jee/86.4.1131. 

34. Bongers, F.; Kutnik, M.; Paulmier, I.; Alexander, J.; Militz, H. Termite and insect resistance of acetylated 
wood. In Proceedings of the IRG Annual Meeting, IRG/WP 15-40703, Viña del Mar, Chile, 10–14 May 2015. 

35. Imamura, Y.; Nishimoto, K. Resistance of Acetylated Wood to Attack by Subterranean Termites. Wood Res. 
1986, 72, 37–44. 

36. Duarte, S.; Duarte, M.; Borges, P.A.V.; Nunes, L. Dietary-driven variation effects on the symbiotic flagellate 
protist communities of the subterranean termite Reticulitermes grassei Clément. J. Appl. Entomol. 2017, 141, 
300–307, doi:10.1111/jen.12331. 

37. Alfredsen, G.; Larnøy, E.; Beck, G.; Bjørnstad, J.; Gobakken, L.R.; Hill, C.A.S.; Treu, A. A summary of decay 
performance with citric acid and sorbitol modification. In Proceedings of the IRG Annual Meeting, IRG/WP 
20-40898, Online Webinar, 10–11 June 2020. 

38. Nobre, T.; Nunes, L.; Bignell, D.E. Tunnel geometry of the subterranean termite Reticulitermes grassei 
(Isoptera: Rhinotermitidae) in response to sand bulk density and the presence of food. Insect Sci. 2007, 14, 
511–518, doi:10.1111/j.1744-7917.2007.00180.x. 

39. Beck, G. Leachability and Decay Resistance of Wood Polyesterified with Sorbitol and Citric Acid. Forests 
2020, 11, 650. 

40. Lande, S.; Eikenes, M.; Westin, M. Chemistry and Ecotoxicology of Furfurylated Wood. Scand. J. Forest Res. 
2004, 19, 14–21. 

41. Westin, M.; Rapp, A.; Nilsson, T. Field test of resistance of modified wood to marine borers. Wood Mater. 
Sci. Eng. 2006, 1, 34–38, doi:10.1080/17480270600686978. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


