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Abstract 
Wood decay is one of the primary factors limiting wood as a building material, reducing the 
competitiveness of wood against other engineered products. Wood preservatives or other wood enhancing 
treatments can reduce the risk of decay; however, Canadian wood species such as spruce and pine are 
difficult to treat to meet Canadian and USA standards due to a thin sapwood band and refractory 
heartwood. This puts the Canadian wood preservation industry at a competitive disadvantage in both 
domestic and international markets. Biological incising with Dichomitus squalens was originally done in 
Austria in the 1990s to increase the permeability of European spruce prior to treatment with wood 
preservatives. In 2010, FPInnovations screened Canadian isolates of various white-rot fungi to identify an 
isolate that would be suitable for biological incising of Canadian spruce and pine. An isolate of 
Dichomitus squalens isolated from white spruce was found to greatly increase the permeability of the 
wood, particularly in spruce. Follow up studies in 2011 and 2012 confirmed that the results could be 
reproduced on commercial sized wood in non-sterile conditions, and showed that longer times would be 
required for bioincising in pine which is more resistant to D. squalens. Strength loss on small clear 
specimens with through treatment was slightly higher in some samples than with conventional incising. 
The solid inoculum method was very successful but would be difficult to commercialize. Laboratory tests 
showed that higher temperatures around 30 °C could be used to speed up growth, but still longer 
incubation times were needed for pine. The current study was undertaken to determine the effect and 
feasibility of three different inoculation methods on the bioincising process: inoculation with grain 
colonized by D. squalens, a liquid spray inoculation (via dipping and via spray), and a mycelial mat 
(mycelium grown on the surface of agar and grown on paper). In addition the higher incubation 
temperature on 2x4 samples of both pine and spruce was tested  at four, five and six weeks incubation for 
spruce, and six, seven and eight weeks incubation for pine. Results from the experiment suggest that 
liquid inoculum (spray) performs as well as grain inoculum. Spruce samples exposed for six weeks 
reached an average penetration of 10 mm through the heartwood face and 22 mm through the edge. Forty 
percent of the samples reached a minimum of 10 mm penetration on the heartwood face, and 80% reached 
10 mm penetration through the edge. The ease of application via spraying (liquid inoculation method) 
makes this a more desirable method to use in an industrial setting. The greatest increases in preservative 
penetration were at six weeks in the grain inoculated samples; however, five and six week’s incubation 
for liquid inoculation were close. The results for bioincising on pine were much more variable, and 
increasing the incubation time did not substantially increase preservative penetration. This suggests that 
the fungal isolate used may not be suited to pine wood.  
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1 Objectives 
 To test alternative inoculation methods for the bioincising process suitable for use in an industrial 

operation. 
 To determine the effect of optimized temperature parameters on incubation time required for the 

bioincising process in 38 x 89 mm sized samples of both pine and spruce.  
 
 

2 Introduction 
Wood decay is one of the primary factors limiting wood as a building material and reducing the 
competitiveness of wood against other engineered products. Wood use is further limited in situations with 
an increased risk of decay such as in ground contact applications. This is a particular concern for wood 
species that are not naturally durable. Wood preservatives or other wood enhancing formulations can 
reduce the risk of decay; however, major Canadian wood species such as spruce and pine are difficult to 
treat to meet Canadian and USA standards due to a thin sapwood band and refractory heartwood. This 
makes it very difficult to institute a quality assurance program for treated wood in Canada. It also limits 
the competitiveness of Canadian wood versus radiata pine, southern pine and Scots pine in overseas 
markets where preservative treatment is required. 
 
Biological incising is a promising method to increase the permeability of wood prior to treatment (Seifert 
and Morris 1987). Early work in the field focused on improving the permeability of sapwood (Bergman 
1984), however for Canadian wood species, it was the heartwood that was difficult to treat. In 1988, 
limited exploratory work was done at Forintek using Stereum sanguinolentum, (Albertini & Schwein.:Fr.) 
Fr., a red-heart fungus, on spruce heartwood with limited success (unpublished data). Red-heart is known 
to increase permeability, but at the early stages of colonization it has little effect on strength (Roff and 
Whittaker 1963). This work was abandoned due to the need to focus efforts on improved mechanical 
incising at that time. 
 
Further investigations on fungal species and their ability to improve wood permeability have been 
promising. In 1998, Rosner et al. screened two Trichoderma species (moulds) and two white-rot 
basidiomycetes, Dichomitus squalens P.Karst and Phanerochaete chrysosporium Burdsall on Norway 
spruce logs. D. squalens was shown to penetrate the heartwood and Creosote uptake (based on weight) 
increased the most in logs that had been exposed to D. squalens for three weeks. Average creosote 
loadings were 203.8 kg/m3, over twice the uptake of controls. However, some reduction was observed in 
Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) (Rosner et al. 1998). In 2000, 
collaborative work was initiated between the University of Vienna, Oregon State University and Forintek 
to further investigate biological incising, and patents were taken out (Messner et al. 2000). This 
experiment was unsuccessful due to problems with the liquid inoculum. 
 
In Switzerland, Physisporinus vitreus (Pers.) P. Karst was found to improve permeability in Norway 
spruce and white fir (Schwarze et al. 2006, Schubert et al. 2010). Heartwood samples of these wood 
species exposed to two isolates of P. vitreus showed an increase in water uptake after 6 weeks of 
incubation with average uptakes of 300-400 kg/ m3 in Norway spruce  and 400- 680 kg/ m3 in white fir 
(Schwarze et al. 2006). No significant strength loss was found in Norway spruce; however, there was 
some strength loss in white fir (Schwarze et al. 2006). Wan et al. (2006) used Gliocladium roseum 
Bainier, Ophiostoma piceae (Munch) H. & P. Sydow and Trametes versicolor (L.) Lloyd to biologically 
incise selected hardwoods prior to impregnation with chemicals to improve hardness.  
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FPInnovations member companies have expressed a need to increase permeability of major Canadian 
wood species, prompting FPInnovations to re-initiate work on biological incising. Patents on the original 
Austrian work done by Messner et al. (2000) have lapsed; however, it was considered unlikely that 
industrial use of a European white-rot fungus would be acceptable in Canada. In 2009, FPInnovations 
screened selected Canadian isolates of white-rot and red-heart fungi on white spruce (Picea glauca 
Moench, Voss) and jack pine (Pinus banksiana Lamb.) heartwood (Dale et al. 2010). An isolate of D. 
squalens from white spruce showed very promising results in pure culture on spruce samples and 
somewhat promising results on pine, better than a pine isolate. Spruce samples exposed to D. squalens for 
six weeks showed an average preservative uptake of about 690 kg/m3, which was eight times higher than 
uptake in the control blocks. Preservative penetration was achieved through the entire 19 mm samples, 
whereas penetration averaged one millimetre in unexposed control blocks. No reduction in wood 
properties was found in these samples based on perpendicular-to-grain tangential compression testing. D. 
squalens is a white rot basidiomycete commonly found causing red-heart of Ponderosa pine (Andrews 
1971).  
 
Follow up experiments were done on lumber samples in a non-sterile setting to determine if the process 
could be used in a setting more similar to industrial scale and to determine if there was any strength loss 
in commercial sized wood (Morris et al. 2011). Short lumber samples were incubated in plastic totes with 
inoculum from the two fungal isolates. Two decontamination methods were tested and two time frames (4 
and 6 weeks). Through treatment of spruce samples (19 mm penetration) with 1.7% ACQ was achieved 
after six weeks incubation with the spruce isolate of D. squalens in a solid phase inoculum. In matched 
samples treated with MCA, a minimum of 10 mm penetration was achieved in 90% of the samples. 
Strength loss on small clear specimens in some individual samples with through treatment was higher 
than adjustment factors for conventional incising (over 25%) after six weeks of fungal exposure. In pine, 
preservative penetration was more variable, but permeability was increased; 60% of the samples reached 
a minimum penetration of 5 mm. Follow up experiments were done to try to determine if exposure time 
could be shortened by increasing the incubation temperature and to determine the upper limits of 
temperature tolerance of the fungal isolate used (Dale and Morris 2012). In that work, pine was used at 
the request of an industry member company, and small test blocks were used under sterile conditions. 
Optimal temperature for incubation appeared to be 30 °C and no growth inhibition was encountered at 35 
°C suggesting that temperature variability in an industrial setting should not inhibit a biological incising 
operation. Uptake and penetration of ACQ-D was variable in the pine samples as found in the previous 
tests. After 5 weeks seventy percent of pine samples reached a minimum of 5 mm penetration and 50 % 
of the samples reached a minimum of 10 mm penetration. Optimal incubation time still appears to be over 
six weeks in pine to reach minimum 10mm penetration requirements in over 80% of samples. 
 
The current study was undertaken to test the optimized temperature and time parameters, under conditions 
more similar to an industrial setting targeting the 10mm penetration requirement in AWPA T1-12 
(American Wood Protection Association 2012) rather than through treatment. In addition, three different 
inoculation methods were tested to determine if methods more favored in industrial work, such as liquid 
spray inoculum, would produce results similar to the grain inoculum used in the previous larger scale 
experiment.   
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4 Materials and Methods 
4.1 Sample Preparation 

Phase 1 
Green lodgepole pine (Pinus contorta var. latifolia Douglas) and white spruce (Picea glauca Moench, 
Voss) were selected from rough cut nominal 2 x 4 inch boards received from West Fraser’s Sundre Forest 
Products of Sundre, Alberta.  Boards were chosen to avoid the pith or immediately around it, bark or 
wane, and obvious defects, and were visually free from fungal growth. Boards were cut into eight end-
matched samples 400 mm long and labeled. End-matched samples were assigned to three treatments 
(inoculation methods described below) and four incubation times in the order of six, eight, zero (control) 
and seven weeks for pine and four, six, zero and five weeks for spruce. This process was repeated six 
times to produce six replicates per treatment, per time frame. 
 
The ends of the samples were sealed with three coats of two-part epoxy-resin (Intergard 740, International 
Paint, Houston, TX, USA). Prior to inoculation, samples were kiln heated to a core temperature of 70°C 
for 30 minutes to sterilize at which time the oven was turned off to keep the wood at green moisture 
content.  
 
Phase 2 
Fresh wood was sent from the same source and location as in phase 1. Boards were chosen to avoid bark 
or wane, and obvious defects, and were visually free from fungal growth. Boards were cut into nine end-
matched samples 400 mm long and labeled. End-matched samples were assigned to same three 
inoculation and time treatments as in phase 1; however in two treatments, not all samples were part of an 
end-matched series due to a shortage of samples; for these sets the ninth sample of each board was used.  
 
The samples were sealed with two coats of epoxy-resin instead of three as in phase 1. Wood moisture 
content of 12 samples was measured with a capacitance moisture meter (Wagner) after kiln sterilization. 
To determine if there was any moisture loss during sterilization, five randomly chosen pine and spruce 
were weighed before and after the sterilization process. Samples were bagged in sterile autoclave bags 
immediately after sterilization and left to cool until prior to inoculation (approximately one hour). 
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4.2 Inoculum Preparation 

Phase 1 
There were three treatment groups testing three inoculation methods: grain inoculation, liquid 
inoculation-dip, and mycelial mat (agar-mat) inoculation. To prepare the grain inoculum, whole barley 
was pre-rinsed, soaked for 24 hours, boiled for ten minutes, drained and tossed to allow for evaporation of 
excess water. Erlenmeyer flasks (500 ml) were filled approximately 2/3rds full of the grain, plugged with 
cotton wrapped in gauze, and fitted with tinfoil. These flasks were then autoclaved for 20 minutes, cooled 
and inoculated with 5 mm agar plugs of actively growing mycelia from D. squalens 78A (a strain isolated 
from spruce). Flasks were incubated at 25°C for two weeks with occasional shaking. 
 
To prepare the liquid inoculum 150 ml of autoclaved 2% malt extract (Fluka, Sigma-Aldrich, St. Louis, 
Missouri) was distributed into autoclaved 250 ml Erlenmeyer flasks fitted with cotton wrapped in gauze, 
and capped with tinfoil. Flasks were inoculated with three 5 mm agar plugs with actively growing 
mycelia from D. squalens 78A and incubated at 25 °C in a shaker incubator set at 125 RPM. After five 
days mycelium was blended using in a Servall Omni mixer (Ivan Sorvall, Inc., Norwalk Connecticut) for 
10 seconds and returned to the shaker incubator for another two days. Liquid inoculum was stored at 4°C 
for 10 days until test set up. To prepare the final inoculum, mycelium was strained and washed with 0.4M 
phosphate buffer. The mycelium from 8 flasks was suspended in 6L of phosphate buffer in a plastic tote 
(Rubbermaid, Winchester Virginia) to be used as a dipping inoculum. Three totes were prepared to 
inoculate 36 boards.  
 
To prepare the agar-mat inoculum, 28 cm x 38 cm rectangular glass dishes (Anchor Hocking, Lancaster, 
Ohio) were covered with tinfoil, autoclaved and filled with 750 ml of sterilized 2% Fluka malt extract. 
Glass dishes were inoculated with 50 ml blended mycelia (five day old liquid inoculum prepared as 
described above) covered with two layers of plastic wrap and sterile tinfoil, and incubated in a growth 
chamber set at 27 °C and 85% relative humidity for four weeks. Prior to inoculation, malt extract was 
drained from the dishes, sterile water was added to the dish (under the mat) to rinse the mat, drained off, 
and approximately 40 ml of a 0.4M phosphate buffer was added to the dish underneath the fungal mat. 
 
Phase 2 
For phase two of the experiment, the same three inoculation methods were chosen; however, preparation 
and inoculation methods were adjusted as follows: grain inoculum was prepared as above but the initial 
boiling step was skipped, flasks were autoclaved for 40 min and, after inoculation, incubated at 28°C for 
21 days with occasional shaking. Liquid inoculum was prepared as above and incubated at room 
temperature for five days and blended immediately before inoculation onto wood. Mycelium was not 
suspended in buffer for inoculation, but left in the 2% malt extract and transferred directly to spray 
bottles. For phase two, paper-mat inoculum was obtained by growing mycelium on a solid media (paper) 
rather than liquid. Initially a small scale lab test explored the feasibility of using a paper as a substrate for 
mycelial growth of D. squalens without losing the paper consistency. In the experiment we tested four 
types of commercially available paper (St Armand Canal WC aquarel paper, Canson Edition 100% cotton 
acid free watercolor paper, Stonhenge Aquarel paper and Bogus Rough Sketch paper, chemically free, 
made out of recycled post-consumer waste). We also compared colonization for papers wetted in sterile 
tap water versus dipping for 5 seconds in either in 1.5% malt extract broth, 2% potato dextrose agar, 2% 
Oxoid malt extract agar and 1.5% malt agar broth with added 1g of yeast extract, 0.5 g of peptone and 
0.05 g thiamine (total solution 500 ml). Papers were inoculated by spraying from 20 cm away with one 
squirt of inoculum from a spray bottle on both sides. The spray inoculum was prepared as described 
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above. Inoculated papers were incubated as single or multiple layers separated with plastic mesh and 
placed on a plastic mesh above 5 mL of sterile water in petri-dishes.  
 
The best and most even colonization occurred on sketch paper (Bogus Rough) dipped in 1.5% MA 
supplemented with yeast extract, peptone and thiamine. This paper and the nutrient combination was used 
in the scaled up experiments where 24 x 34 cm paper mats were cut and aseptically dipped in the 1.5% 
MA with the supplements, spray inoculated with D squalens on both sides, and layered in sterilized 
rectangular Pyrex dishes (28x38cm) in layers of six separated with sterile corrugated plastic strips 
(Coroplast, Granby, Quebec). The dishes were covered with sterile aluminum foil and placed inside 
sterilized autoclave bags that were sealed tightly and then the whole assemblage incubated at 25°C for 2-3 
weeks until ready to use. 
 

4.3 Sample Exposure 

Phase 1 
Samples from each treatment group and exposure time were arranged in ethanol-washed 18 gallon 
Roughneck Totes (Rubbermaid, Winchester Virginia) (Figure 1). Samples were arranged in three layers 
separated by 1-2 cm wide strips of corrugated plastic sheets (Coroplast, Granby, Quebec). Non-
experimental 1x4 boards of each respective species were placed on the top and bottom of the stack, and 
the stack was raised on a 1.5” ABS pipe above sterile water to keep the humidity high. For grain 
inoculation, grain colonized by D. squalens was spread between each of the layers over the entire surface 
of the experimental boards. For liquid inoculation, sample boards were dipped into the fungal inoculum 
covering all sides of the boards and then arranged in the totes, and for mycelium mat inoculation, fungal 
mats were folded and removed from glass dishes, placed on the samples between the layers, and unfolded 
so the top and bottom surfaces of all samples in the totes were in contact with the mycelial mat. The lids 
were placed upside down on the totes (to reduce the formation of water droplets above the samples) and 
sealed with duct tape. Bins were incubated at a relative humidity of between 85-95% and 25°C for one 
week (due to a fault in temperature control) and then raised to the intended temperature of 30°C for the 
additional incubation time. Samples were incubated for 4, 5 and 6 weeks for spruce and 6, 7 and 8 weeks 
for pine. Time zero samples (no fungal exposure) were frozen until the end of the incubation time. 
 
Phase 2 
Sample set up followed the same methodology as in Phase 1 with changes to how the liquid and mat 
inoculum were set up and introducing more rigorous measures during the inoculum preparation and test 
inoculation to reduce potential contamination problems. This included discarding working test cultures 
and growing new stock from the culture collection, improving aseptic techniques in the lab, meticulously 
cleaning the area for non-sterile inoculation, wiping the floor and surfaces with bleach, avoiding delay 
during inoculation, and reducing the air flow, all in order to reduce the potential for air contamination. No 
changes were made to bin set up and sample layout, or to the grain inoculation method. For liquid 
inoculation, blended mycelium was poured into spray bottles and boards were sprayed on the top and 
bottom (sides may have received some spray indirectly) and incubated in bins. For the paper-mat 
inoculum, one paper mat colonized with D. squalens was laid onto each layer of boards so that boards 
were separated by the mats and surrounded by mats on both sides; however in three of the bins the bottom 
layer of boards (between the 1 x 4 buffer boards and bottom samples) were sprayed with the liquid 
inoculum since some of the mats had become contaminated. No stickers were used between the boards for 
the mat method. Bins were incubated at 30°C and 90% RH for the length of the incubation time (4, 5 and 
6 weeks for spruce and 6, 7 and 8 weeks for pine). Time zero samples were frozen until the end of the 
incubation time as in phase 1.  
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Figure 1 Set up and inoculation with D. squalens for Biological incising: setting up samples with 
grain inoculum (A), spray inoculated samples ready for incubation (B), mat inoculated samples ready 
for incubation (C).  
 

4.4 Sample Preparation and Preservative Treatment 

Samples were planed to standard S-dry sizes for 2x4 lumber. An additional coat of two-part epoxy-resin 
was applied to the ends to avoid preservative uptake through board ends and to simulate full length 
lumber. 
 
Samples were weighed and then treated with a 1.4% solution of alkaline copper quat type D (ACQ-D) in 
a small stainless steel retort (custom designed, Johnston Boiler and Tank) using the following schedule: a 
30 minute initial vacuum, a 2 hour pressure treatment at 1034 kPa (150 PSI), and a 15 minute final 
vacuum. After treatment, samples were reweighed and preservative uptake was calculated using the 
change in weight and averaged for each treatment group.  
 

4.5 Penetration Measurement 

Samples were cross cut in the center of the sample and the cross sections were sprayed with the copper 
indicator, chrome azurol S, to indicate the depth of penetration of the preservative. Preservative 
penetration was measured at the heartwood face and one edge of each sample. Average penetration and 
the percentage of samples with equal to or greater than 5 mm and 10 mm penetration was calculated for 
the heartwood face and edge face for each group of samples. 
 
 

5 Results and Discussion 
5.1 Colonization after Fungal Exposure 

Phase 1 
D. squalens growth on the samples during phase 1 of the experiment was low. For the grain inoculated 
samples, contamination by a Trichoderma sp. was evident on all samples in all incubation bins. For the 
mat and liquid inoculated samples, contamination was low; however, colonization by the bio-incising 
fungus was low or none at all. Reasons for low to no growth of the bio-incising fungus are unclear, but 
could be due to problems with the cultures used to prepare the inoculum, the wood used for the samples 
or the methods of inoculation. The high level of contamination in the grain inoculum could be due to 
contamination of the grain flasks or the wood samples may have been contaminated before set up in the 
bins. The failure of colonization during phase 1 of the experiment led to the design of phase 2 with 
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modifications to the experimental design in particular with the preparation of the inoculum and 
introducing additional steps to reduce potential contamination. In addition fresh wood was used for phase 
two. No treatments were done on the samples from phase one and from here on mat inoculum refers to 
paper-mat and liquid inoculum refers to the spray method. 
 
Phase 2 
There was no moisture loss in the weighed samples before and after kiln sterilization prior to the 
bioincising process. Of the 12 samples measured with the moisture meter, only one was below 30%, one 
was at 30% and the remaining 10 were above 30%. 
 
The fungal growth and level of contamination after incubation was variable (Table 1). In spruce, 
colonization was very good for all incubation times using grain inoculum. For the liquid and mat 
inoculum, colonization was variable at four and five weeks, and was heavier and more consistent by six 
weeks. Contamination was low in all spruce treatments. In pine, liquid and mat inoculum produced good 
coverage by eight weeks; however, the grain inoculum produced more variable coverage and heavy 
contamination in two of the bins. This contamination may have caused the lower more inconsistent 
coverage in these treatments.  
 
Table 1 Colonization success and contamination levels after incubation with Dichomitus squalens 

Wood 
species 

Incubation 
time 

Inoculation 
method 

Colonization Contamination 

Spruce 

4 week 

Grain >90% thick coverage Low to none 
Liquid Thin moderate coverage Low to none 

Mat Thin moderate coverage Low, on bottom boards 

5 week 

Grain Very heavy coverage on all 
samples 

Low to none 

Liquid Uneven, light coverage to 
thick on some samples 

none 

Mat Uneven coverage, no 
coverage on some samples 

Low to none 

6 week 

Grain Very heavy coverage on all 
samples 

None 

Liquid Very heavy coverage on all 
samples 

None 

Mat Moderate to good coverage None 

Pine 

6 week 

Grain Moderate coverage Low to heavy contamination 
on some samples 

Liquid None to low coverage Low to none 
Mat Moderate to good coverage None 

7 week 

Grain Low to moderate Very heavy contamination 
Liquid Moderate to good None 

Mat Moderate to good None 

8 week 

Grain Low to good coverage Low to none 
Liquid Very good coverage None 

Mat Very good coverage Low to none 
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and 1.9 times higher in the grain inoculated samples. These values were very similar to the six and seven 
week exposed samples.   
 
Table 2 Preservative uptake in biologically -incised spruce and pine versus control samples 

Wood 
Species 

Inoculation 
method 

ACQ Average Uptake* (kg/m3) 

0 weeks 
exposure 

4 weeks 
exposure 

5 weeks 
exposure 

6 weeks 
exposure 

Spruce 

Grain 190(154) 427(204) 531(156) 616(146) 

Liquid 175(135) 381(200) 321(252) 509(236) 

Mat 73(52) 185(162) 181(145) 253(216) 

  
0 weeks 

exposure 
6 weeks 

exposure 
7 weeks 

exposure 
8 weeks 

exposure 

Pine 

Grain+ 101(45) 210(67) n/a 194(50) 

Liquid 265(160) 202(159) 387(184) 475(210) 

Mat 190(105) 304(244) 242(123) 285(245) 
* Standard deviation in brackets, sample size = 6 for each treatment except in pine mat inoculation n = 4, spruce 
liquid n = 5 spruce mat 0, 4, 6 wk n = 5, spruce mat 5 wk n = 4 
+ Pine grain bin became very contaminated therefore uptake data not calculated 
 
The largest increases in average chemical penetration were through the heartwood face of the six week 
exposed spruce samples using both grain and liquid inoculum (Table 3). In the liquid inoculated samples 
exposed for six weeks, average penetration through the heartwood face was 10 mm and 22 mm through 
the edge. Forty percent of the samples reached a minimum of 10 mm penetration on the heartwood face, 
and 80% reached 10 mm penetration through the edge. The CSA O80 standard requires 80%≥ 10 mm 
penetration for pine used in permanent wood foundations (PWF) and 80%≥ 5 mm penetration for deck 
joists (Canadian Standards Association 2008). The AWPA T1-12 standard requires 80%≥ 10 mm for 
structural lumber and 80%≥ 5 mm penetration for deck surface boards (American Wood Protection 
Association 2012). Quality control sampling for other than PWF is typically done by boring the edges of 
boards. The average penetration for the control samples was 2 mm at the heartwood face, and 9 mm on 
the edge; one sample reached greater than 10 mm penetration at the heartwood face and only 2 samples 
reached greater than 10 mm penetration on the edge. This was very comparable to the results from the 
grain inoculation method after six weeks: average penetration through the heartwood face was 10 mm and 
25 mm through the edge. Sixty-seven percent of the samples reached a minimum of 10 mm penetration on 
the heartwood face, and 67% reached 10 mm penetration through the edge. One spruce board (nine 
samples) was found that did not treat in any of the exposure times or inoculation methods suggesting that 
the fungus was unable to grow on this wood. The board was identified as spruce from microscopic 
examination (data not shown); however it could be another species of spruce such as black spruce (Picea 
mariana Mill.) or due to natural variation in the wood. When data from this sample was removed, the 
average penetration in the liquid inoculated samples increased to 12 mm in the heartwood face and 27 
mm in the edge, and 50% of the samples reached a minimum of 10 mm penetration on the heartwood face 
and 100% of the samples reached 10 mm penetration through the edge. 
 
The 80%≥ 5 mm penetration requirement was met in edge samples by spruce after 4 weeks with both 
grain and liquid inoculum and by pine after 7 weeks with liquid and mat inoculum. In the 2011 study 
(Dale and Morris 2011), the uptake and penetration reached in the grain inoculated spruce samples was 
higher than in the current study. Through treatment with ACQ was achieved in all samples after six weeks 
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exposure to the same fungal isolate, and preservative uptake was around seven times higher in the 
controls. It is unknown at this time if that was due to a difference in incubation conditions (mainly lower 
temperature) or wood characteristics of the samples used. 
 
Very little increase in penetration through the heartwood face was seen in the pine samples. The largest 
increases were seen in the liquid inoculated samples through the edge. Average edge penetration went 
from 14 mm in the controls to 29 mm in the 8 week bioincised samples. After 8 weeks, 83% of the 
samples reached 10 mm penetration through the edge (50% in the controls).  However, pine would not 
have passed the penetration requirement for PWF, even assuming penetration with chromated copper 
arsenate (CCA) would be as great as that of ACQ, even after 8 weeks. 
 
Table 3 Average penetration of 1.4% ACQ-D in biologically incised spruce and pine and in control 
samples and percent of samples reaching minimum treatment thresholds. 

 
 

 Heartwood Penetration 
(mm) * 

Edge Penetration  
(mm)* 

 Exposure  
Time 

Inoculation 
method 

Mean SD 
% ≥
5mm 

% ≥  
10mm 

Mean SD 
% ≥ 
5mm 

% ≥ 
10mm 

Spruce 

0 weeks 

Grain 

1 1 0 0 11 15 33 33 
4 weeks 6 5 50 17 10 4 100 50 
5 weeks 6 3 67 0 23 18 83 67 
6 weeks 10 4 83 67 25 15 100 67 
0 weeks 

Liquid 

2 2 20 0 9 9 40 40 
4 weeks 8 7 80 20 7 4 80 20 
5 weeks 7 4 80 40 10 6 80 60 
6 weeks 10 7 80 40 22 18 80 80 
0 weeks 

Mat 

2 2 20 0 1 1 0 0 
4 weeks 3 4 20 20 8 16 20 20 
5 weeks 4 3 25 0 3 3 25 0 
6 weeks 4 4 40 20 7 9 40 20 

Pine 

0 weeks 

Grain 

6 6 33 17 7 6 67 17 
6 weeks 5 3 50 0 6 4 50 33 
7 weeks n/a+ n/a n/a n/a n/a n/a n/a n/a 
8 weeks 7 4 83 17 8 6 67 17 
0 weeks 

Liquid 

8 5 67 17 14 16 50 50 
6 weeks 6 8 50 17 8 6 67 33 
7 weeks 7 7 50 33 17 13 100 67 
8 weeks 8 9 50 33 29 20 83 83 
0 weeks 

Mat 

5 3 50 0 6 5 25 25 
6 weeks 8 8 50 25 14 21 50 50 
7 weeks 6 2 75 0 11 5 100 75 
8 weeks 6 4 25 25 17 19 100 50 

*Sample size = 6 for each treatment except in pine mat inoculation n = 4, spruce liquid n = 5 spruce mat 0, 4, 6 wk n 
= 5, spruce mat 5 wk n = 4 
+ Pine grain bin became very contaminated therefore penetration data not calculated 
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