
Plant and Soil 68, 117-123 (1982). Ms. 4985 
1982 Martinus Nijhoff/Dr W. Junk Publishers, The Hague. Printed in The Netherlands. 
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Summary Colonizing populations of nitrogen-fixing bacteria were measured in various decay 
stages of Douglas-fir logs infested with Fomitopsis pinicola. Numbers ofnitrogen-fixers and N-fixation 
rates in the wood increased as decay progressed. These increase in bacterial populations and N-fixing 
activity appeared related to increases in wood moisture content. Bacteria resembling Clostridium 
pasteurianum, Clostridium butyricum, and Klebsiella/Enterobacter spp. were isolated from the various 
wood decay stages. 

Introduction 
Many investigators have studied the importance of forest residues as natural nutrient reservoirs 

because of the recent increase in intensive utilization practices. Nitrogen (N) is of particular 
significance since it frequently limits tree growth and is directly related to the activity of wood decay 
organisms in the northern Rocky Mountains”. 

Although the amount of N in wood is small (C: N ratios 350-800:1),decayfungi readily metabolize 
forest residues. In some cases these fungi use large quantities of N in producing basidiocarps and 
spores. Cowling and Merrill9 proposed three possible mechanisms to account for the growth of these 
fungi on low N substrates: 1) physiological adaptations of the decay organisms resulting in 
preferential allocation of N to biochemical pathways highly efficient in the use of woody constituents; 
2) autolysis and reuse of N in fungal mycelium -a recycling mechanism;and 3)wood decay fungi may 
partially satisfy their N demands from sources outside the woody substrate through fixation of 
atmospheric nitrogen (N,) by the fungi or associated N-fixing bacteria. 

In recent years, a number of investigators have used acetylene reduction techniques to demonstrate 
a N fixation capacity in wood. Larsen et al.22 reported N fixation associated with different decay 
stages of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), western hemlock (Tsuga heterophylla 
Raf.) Sarg.), subalpine fir (Abies lasiocarpa (Hook.) Nutt.), and white birch (Betula papyrifera Marsh) 
in western Montana. Similar results were found by Roskowski27 using woody residue from New 
England hardwood stands. Nitrogen fixation has also been detected in heartwood decay of living 
white fir (Abies concolor (Cord. and Glend.) Lindl.) in Oregon’, living western hemlock in 
Montana22, and dead pine and spruce logs in Sweden12. In the southeast Cornaby and Waide7 

calculated annual N fixation gains equivalent to 4.1% of the total N found in decaying chestnut 
(Castenea dentata Marsh.) logs. These findings appear to substantiate the theory that wood decay 
fungi can indirectly obtain N from the atmosphere. 
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Nitrogen-fixing bacteria have been isolated from decaying wood1,2,11,20,29,30. The fixation of 
atmospheric N by various yeasts and filamentous fungi has been reported, but when improved 
techniques were used these results were not confirmed 19,24. Most N-fixing organisms, other than the 
blue-green algae and the anaerobic phototropic bacteria, require a supply of organic carbon for 
energy production. The N-fixing organisms living in wood probably use low molecular weight 
metabolites produced by the enzymatic activity of wood decay fungi, since they are unable to use the 
majority of woody components as an energy source15. 

As part of a larger study on N cycling associated with timber harvesting practices in the western 
Montana Douglas-fir/larch timber type17, the numbers, identity and activity of N-fixing bacteria 
present in decaying forest residue were examined. Since N fixation rates have been shown to vary with 
the species of wood being decayed and with the fungi involved2', this study was limited to the 
decomposition of Douglas-fir residue by Fomitopsis pinicola (Swartz ex Fr.) Karst., a basidiomycete 
causing a brown rot decay of dead conifer wood in the western United States and elsewhere. 

Materials and methods 

Study area 
The study was conducted on the Coram Experimental Forest in a 250-year-oldstand typical of the 

Douglas-fir/larch timber type of western Montana. Douglas-fir and western larch (Larix occidentalis 
Nutt.) were the main stand components, but subalpine fir and Engelmann spruce (Picea engelmannii 
Parry) were commonly found. The site was approximately 1375 m in elevation with an eastern aspect. 
Habitat type designation of the stand is Abies lasiocarpa/Clintonia uniflora26. Woody residue on this 
site amounted to 114 metric tons/ha4. 

Sampling 
Ten down, dead Douglas-fir logs ranging in diameter from 25 to 75 cm with multiple F. pinicola 

fruiting bodies were located and numbered. Small pieces of woody tissuefrom each of the selected logs 
were transported to the laboratory in sterile plastic bags. The surface of the samples were flame 
sterilized, placed on 2% malt agar (w/v) and incubated at 18°C. Fungal growth typical of F. pinicola 
confirmed the presence of this species within all the substrates tested. 

For each of the trees examined, four stages of decay were evident: 1) incipient, 2) intermediate, 3) 
light advanced and 4) dark advanced. These decay stages were determined in the field on the basis of 
wood color and textural characteristics: Incipient decay-light colored and relatively hard; 
intermediate decay-light gray to yellowish in color with 'punky' texture; light advanced decay-light 
yellowish white in color and very brittle, fibrous or cubicle; dark advanced decay-dark reddish brown 
in color, brittle and cubicle. 

As a comparison to N-fixing activity in decaying wood, the possibleoccurrence of N-fixing bacteria 
in living trees was also examined. Five standing, living Douglas-fir trees not infected by F. pinicola 
were selected. Tree ages ranged from 160 to 260 years old. The surface ofsmall pieces from increment 
cores ofeach tree were again surface flame sterilized and placed on 2% malt agar (w/v) and incubated 
at 18°C. No fungal growth occurred, except for Pencillium spp. on a few cores. 

Enumeration of nitrogen-fixing bacteria 
The most probable number technique (MPN) was used to estimate numbers of N-fixing bacteria 

in all wood decay stages, living trees, as well as in basidiocarps of F. pinicola growing on the decaying 
logs. A modification ofthe sap squeeze-acetylene reduction method used by Aho et al.2 was employed. 
Wood samples from the four decay stages of Douglas-fir residue and live Douglas-fir trees were 
collected in both August and September. Basidiocarps of F. pinicola found on the decaying logs were 
also collected. In the laboratory the surface ofeach sample section was wiped with 95% ethyl alcohol 
and placed in a thick, sterile bag. Each bag was placed in a hydraulic press and the sap expressed at 
210 to 560 kg/sq cm. Due to the variable moisture content of the collected materials, a different 
number of samples from each decay category was required to obtain enough sap for a MPN 
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determination: light advanced and dark advanced decay. basidiocarps - 10 live wood - 15; incipient 
and intermediate decay - 20. Eight sap dilutions (10-1 to 10-8) were made immediately from the 
expressed sap using a liquid modification of a low nitrogen medium developed by Ross28: K2HPO4, 
1 g; MgSO4, 7H2O, 1 g; FeCl3.6H2O, 0.01 g; CaCO3, 1 g; yeast extract, 0.01 g; glucose, 10 g; ascorbic 
acid, 1 g; micronutrient solution*, 1 ml, deionized water 1000 ml. 

Six replicates in 20 ml test tubes were made for each dilution of each substrate and incubated at 
28°C for 48 h. The test tubes were then injected with 1.5 ml of acetylene and reincubated for an 
additional 24 h at room temperature (20°C). One of the six tubes was not injected with acetylene and 
retained as a control. After 24 h gas samples were taken from these tubes using 2-ml glass Vacutainer 
vials (Becton-Dickinson Div., Becton-Dickinson). Tubes not exhibiting net ethylene production were 
assumed not to have N-fixing bacteria present. The MPN of N-fixers in the non-diluted sap was 
estimated using the tables in Alexander3. 

Estimation of N-fixation rates 
Nitrogen fixation rates were estimated using an adaptation of the acetylene reduction assay 

discussed by Hardy et al.13 Five replicate samples of each decay type were taken at each log in early 
June, late July and early October and placed in individual 20 ml glass Vacutainer tubes. Within 2 h 
after sampling the tubes were evacuated and flushed with argon five times, then filled with a mixture of 
10% acetylene and 90% argon. Final oxygen concentration in the tubes approximated 0.05%. One of 
the five replicate samples was not injected with acetylene to provide a control for monitoring 
endogeneous ethylene production. The sample tubes were then incubated in the dark for 12 h at the 
average temperature determined in the field. Gas samples were removed from 20 ml incubation tubes 
by 2 ml Vacutainer tubes, and the remaining woody material was oven dried at 105°C for 
determination of dry weight and moisture content. 

Sample analysis 
Gas samples were analyzed for acetylene and ethylene concentrations using flame ionization on a 

Varian Aerography Series 2800 gas-liquid chromatograph fitted with an 80 to 100 mesh Porapak R 
column. The column temperature was maintained at 40°C with N, as the carrier gas. Final ethylene 
concentrations were adjusted for endogenous ethylene production and ethylene contamination in the 
acetyleneinjected into the sample tubes. Acetylene was used as an internal standard in all calculations 
to account for air-space variations in the tubes and for gas leakage23. 

Isolation and identification of nitrogen-fixing bacteria 
Upon completion of the September N-fixing population determination, the 10-1 dilutions from 

each decay substrate were retained and pure cultures of anaerobic and facultatively anaerobic N
fixing bacteria were obtained from sequential streaking on agar plates. The Ross28 medium was used 
with the addition of 24 g purified agar. 30 ml potato extract (1:1 extract/water), and 0.30 ml 
thioglycolic acid per liter and the omission of ascorbic acid. 

Anaerobic incubation was achieved by placing the streak plates in vacuum dessicators, evacuating 
and flushing with 95% N,: 5%, CO2, and using a steel wool O2 trap25. Duplicate streak plates of each 
culture were also incubated anaerobically to determine if the bacteria were facultatively anaerobic N
fixers. Plates were restreaked after seven days and this process was repeated until pure cultures were 
obtained. 

Pure cultures of anaerobic and facultatively anaerobic bacteria were subjected to the diagnostic 
tests described by Holdeman et al.14 for identification. In addition to morphological observations 
and biochemical testing, the unknown isolates were grown in peptone-yeast extract-glucose broth to 

* Micronutrient stock solution: H3BO3, 2.86 g: MnCl2.4H2O, 1.81 g; ZnSO4.7H2O, 0.22 g; 
CuS04.5H2O, 0.08 g; H2MoO4.H2O, 0.05 g; deionized water, 1000 ml. 
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test for acid production. Ether extracts from this broth were analyzed on a gas-liquid chromatograph 
for the presence of acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic and caprioc 
acids10. Identifications were based on the results of these diagnostic tests6,14. 

Results and discussion 
Population estimates of anaerobic N-fixing bacteria in Douglas-fir residue and live trees are given 

in Table 1 .  These results showed advanced decay stages, particularly the dark advanced decay, had 
higher numbers of N-fixing bacteria than earlier stages. This wood decay/N-fixing bacteria 
relationship may be attributed to bacterial metabolism of low molecular weight organic substrates 
which are released upon breakdown of the residue by decay fungi8. However, the water content of the 
woody substrate also seemed to be an important factor. Advanced residue decay was associated with 
increased moisture levels. This may have resulted in a lowering of 0, content in the residue which 
could favor N-fixing activities The majority of N-fixing bacteria are anaerobic or can fix N only when 
growing under anaerobic conditions. 

Nitrogen-fixing populations showed considerable variability between the two sampling times. 
These fluctuations may have been related to changes in water content of the wood, which affected 
microbial activity and/or the amount of expressed sap obtained from the wood sample. At high 
moisture levels, a greater number of bacteria would likely be free-swimming,or more easily dislodged 
from cell surfaces by the pressure sampling method. This could have resulted in higher population 
estimates in the more advanced decay stages. 

Even with potential sampling problems, the trends in N-fixing bacteria populations were similar to 
the decay stage/N fixation pattern (Table 2). These results showed that the more advanced the stage of 
the wood decay, the higher the rate of N fixation. The limitations of the sap expression method for 
estimating N-fixing populations in decaying wood is seen by the extremely low or zero bacterial 
numbers in the incipient and intermediate decay as compared to the N fixation capacity of these 
substrates. In sampling these woody substrates, it was difficult to obtain sufficient sap to make 
population estimates due to the lower water content. 

The numbers of N-fixing bacteria found in this study are dramatically different than those reported 
by Aho et al.2 for white fir decay. Nitrogen-fixing populations found in living white fir trees were 10 to 
100 times higher than found in this study (Table 1) .  They showed the greatest populations of N-fixers 
were present in the early decay stages, although a higher percentage of isolates from advanced decay 
were able to fix N2. This difference in results between the two studies may be attributed to: 1 )  inherent 

Table 1 .  Number of obligate and facultatively anaerobic nitrogen-fixing bacteria in decaying 
Douglas-fir residue 

Substrate August 1977 September 1977 

Number of Wood Number of Wood 
bacteria/ml moisture bacteria/ml moisture 
expressed sap content (%) expressed sap content (%) 

Decay 

Incipient 0 42 0 51 
Intermediate 12 70 6 129 
Light advanced 21 70 1800 194 
Dark advanced 400 265 13000 282 

Basidiocarps F. pinicola 10 - 18 -
Living trees 0 46 0 52 
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Table 2. Nitrogen fixation rates and moisture contents of Douglas-fir residue 

Substrate g N fixed/g dry Moisture 
weight wood/24 h content 
(× 10-9) (%) 

Incipient decay 12.2a 41a 

Intermediate decay 26.8ab 91b 

Light advanced decay 37.4b 107b 

Dark advanced decay 76.6c 276c 

Values denoted by different letters are significantlydifferent at the 0.05 level. 

differences between a white rot decay of living trees as opposed to a brown rot decay of residue; 2) 
differences in tree species as substrates for the growth and activity of N-fixing bacteria; 3) water 
content of the wood as it affects the concentration of bacteria in the expressed sap and 4) presence of 
inhibitory substances, such as phenolics in the F. pinicola decay system. 

Table 3. Groups of obligate and facultatively anaerobic nitrogen-fixing bacteria isolated from 
decaying wood 

Clostridium Clostridium Klebsiella/ 
pasteurianum butyricum Enterobacter 
(8 isolates) (5 isolates) (2 isolates) 

Gram reaction 
Glucose 
Mannitol 
Lactose 
Sucrose 
Maltose 
Xylose 
Arabinose 
Glycerol 
Lipase 
Lecithinase 
Thiogel 
Iron milk 
Nitrate red. 
Indole 
Esculin hydr. 
Catalase 
Growth in CO2 jar 
Spore formation 
Organic acids 

8 + 5 + 2 -
8a 5 a 2 a 
8a 3 - 2 a 
8 - 5 a 2 a 
la 4 a 2 a 
8a 5 a 2 a 
8 - 5 a 2 a 
8 - 5 a 2 a 
8 - 5 - 2 -
8 - 5 - 2 -
8 - 5 - 2 -
8 - 5 - 2 -
8 - 5 + 2 -
8 - 5 - 2 + 
8 - 5 - 2 -
8 - 5 + 2 + 
8 - 5 - 2 + 
5 - 4 - 2 + 
8 + 5 + 2 -
A, B A, B A 

The numbers in the columns refer to isolates exhibiting similar reaction to known pure culture. 
Organic acids have been detected by gas-liquid chromatography. 
+, positive reaction; -, negative reaction; a, acid produced; A, acetic acid; B, butyric acid. 
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Isolation and identification of bacteria 
Fifteen pure cultures of N-fixing bacteria were isolated, of which 13 were obligate anaerobes. Based 

on the morphological and biochemical characteristics reported in Breed et al. 6 and Holdeman et al. 14, 
the isolates were placed into three groups: Clostridium pasteurianum, Clostridium butyricum, both of 
which are strict anaerobes, and Klebsiella/Enterobacter spp., which are facultative anaerobes (Table 
3). There was no pattern among the isolates as to specific substrate source. Although these results 
strongly indicate the presence of C. Butyricum and C.  pasteurianum, further diagnostic studies are 
necessary for positive identification of these groups to the species level. 

Clostridium and Klebsiella are genera commonly associated with nonsymbiotic N fixation in 
soil16. Since decaying wood is an important component of some forest soil systems21, one might 
expect to find soil organisms associated with woody substrates. Both Clostridium and Klebsiella fix 
N anaerobically and would be favored by high moisture levels in the residue. Such high moisture 
levels found in advanced decay appear more important for N-fixing activity than high total 
carbohydrate and soluble sugar contents in the early decay stages18. 

Aho et al.2 only isolated species of Klebsiella and Enterobacter from decaying white fir wood. This 
contrasts with the results of this study where Clostridium was the dominant genus isolated. This 
difference is what might be expected since Aho et al .  1,2 used aerobic isolation conditions. 

Conclusion 
Nitrogen-fixing bacteria appear to be a component of the microflora active in wood decay. They 

seem especially evident in the later stages of wood decomposition. While N gains associated with 
wood decay are generally small27, these amounts may be important for fungal activity. The 
inoculation of wood with various decay fungi in combination with N-fixing bacteria has significantly 
increased wood decomposition rate, as compared to fungi alone5. Such an inoculation may be of use 
in accelerating the decay of logging residue following timber harvests on sites where organic matter 
decomposition rates are slow. 
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