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L'auteur analyse les resultats d'une etude, effectuCe dans le Quebec pendant trois ans, sur les facteurs 
quirkgissent l'infection llu sapin baumier (Abies bnlsnrnen (L.) Mill.) par le Stererrnz snrigrrir~olentrrm (Alb. 
et Schw.) ex Fr. La disskmination et la germination des spores se produisent pendant des periodes 
humides Ctendues et lorsque la tenlperature se maintient entre 45 et 75 F (7 et 24 C). L'infection des 
arbres vivants et des tronCons de tige frais coupCs se rCalise, dans des conditions optimales, pendant des 
pCriodes pluvieuses et lorsque la temperature moyenne journalitre se tient entre 45 et 55 F (7 et 13 C). 
Selon les circonstances ambiantes, la predisposition des surfaces blesskes se modifie: elle s'abaisse rapide- 
ment et d'une manikre irreversible apres quelques jours de ternpiratlire eleves pendant I'ete. Au dessus 
de 60 F (15 C), les champignons tels que le Peniophorn citreren (Pers. ex Fr.) Cooke, Alterrmrin tetmtris 
Auct. et Cerntocystis picene(Munch) Bakshi, exercent une concurrence serrC pour occuper la surface 
exposee des b1essul.e~ et, de ce fait, constituent le principal facteur qui restreint la periode de sensibilite. 
11 se~nblerait que la suprematie du S. snt/glrinoletrtrrnz i la surface des blessures fraiches serait due a la re- 
lative incapacite des organismes compititeurs de tolerer certaines propriCtCs du substrat, surtout de 
basses temperatures. Par ailleurs, la concurrence des saprophytes, qui Climine le pathogene, s'intensifie 
lorsque I'on alttre le substrat soit en le baignant avec une solution d'extrait de malt, soit en excisant 
les parties blessCes. La mort naturelle d'une branche ou du tronc produit le mCme effet. 

Conditions influencing infection of artificially injured balsam fir (Abies bnlsnrtmen (L.) Mill.) by 
Sterertnm snrmgrritroletztrrt,r (Alb. & Schw. ex Fr.) Fr. were studied over a 3-year period in Quebec. Opt~mal  
conditions for spore dispersal and germination occurred during extended periods of high relative 
humidity and when mean daily temperatures were between 45 and 75 F (7 and 24 C). Optimal conditions 
for infectionof bothdecapitated livingtrees and freshly excised stem sections occurred during periods of rain 
and when mean daily temperatures were between 45 and 55 F (7 and 13 C). Susceptibility of wound 
surfaces to S. sntrgrritroletrtrrtn varied under different environmental conditions; it fell off rapidly, and 
irreversibly, after a few days of exposure to high summer temperatures. Intense competition for the 
wound surface at  temperatures above 60 F (15.5 C) by such fungi as Peniopkorn cineren (Pers. ex Fr.) 
Cooke, A!fernarin termrris auct. sensu Wiltshire, and Ceratocystis piceae (Munch) Bakshi was the main 
factor limiting the period of susceptibility. Experimental evidence suggests that dominance by S. snrz- 
guinoletmtrrm of the fresh-wound surface is due to the relative inability of competitors to tolerate certain 
substrate properties, particularly at  low temperatures. Modification of the substrate, either by addition 
of malt extract solution, or  by excision of the injured part (or by natural death) favored saprophytic 
competition which suppressed the pathogen. 

Introduction 

Recent studies (Davidson and Etheridge 1963) 
have shown that Sterewn sntzguinoletztum (Alb. 
& Schw. ex Fr.) Fr. is a colonizer of fresh 
woundsof balsam fir, and it is through these that 
the fungus becomes established in the heart- 
wood. The earlier belief that S. sanguinolentun7 
entered the heartwood of balsam fir mainly 
through dead branch stubs (Kaufert 1935; 
McCallum 1928) probably resulted from the in- 
correct assumption that branches remain sus- 
ceptible to colonization for an extended period 
after death or injury. 

The importance of freshly exposed wound 
surfaces for primary-colonizing fungi, and the 

1Formerly with the Forest Research Laboratory, 
Sillery, Quebec. 

relatively short period of susceptibility of such 
substrates are becoming increasingly evident 
from studies on the ecology of stump infection 
by Fotnes m7nosus (Fr.) Karst (Rishbeth 1951 ; 
Yde-Andersen 1962; Cobb and Schmidt 1964). 
Colonization of the stump surface by fungal 
competitors has been suggested as the main 
factor in limiting the infection period of F. 
annosus (Rishbeth 1951 ; Boyce Jr. 1963; Ginns 
Jr. 1968, personal communication). This has 
already been considered as a critical factor in 
the successful establishment of S.  snnguitzolet7tum 
via wound surfaces in balsam fir (Etheridge 
1962, 1965). 

Previous studies on fungi associated with S .  
sanguinolentun~ in balsam fir have been mainly 
concerned with species isolated from already 
established heart rot infections and there is 
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little information on the kind, frequency, and 
interactions of the species involved in the 
initial colonization of the wound surface. The 
studies reported here were undertaken to define 
the conditions for infection of balsam fir bv S. 
sang~ritzolentunz in certain locations in Quebec, 
by determining the principal fungal and bacterial 
conlpetitors of this fungus, the relative im- 
portance of environmental factors in limiting 
their occurrence, and the effect of these factors 
on the period of host susceptibility. Complemen- 
tary studies were undertaken t o  determine the 
significance of inoculum and substrate factors in 
the infection process. 

Materials and Methods 
The principal study area was in a 60- to 70-year-old 

balsam fir stand at  Duchesnay, approximately 20 mi 
northwest of Quebec City. Surveys had revealed that red 
heart rot caused by S.  snrrg~rinolentlrrn together with its 
sporophores was of average abundance in the area. 
Other experimental areas were located in a 50-year-old 
balsam firlspruce stand (fir: 2&30y0; spruce: 6&75%) 
at  Lac Jaune, about 3 mi from the main study area, and 
in a 30- to 35-year-old pure balsam fir stand located in 
the southern section of Laurentide Park, about 30 mi 
north of Quebec City. 

Maximum and minimum temperatures, relative hu- 
midity, and precipitation were measured daily in the 
experimental area according to standard meteorological 
procedures, from 15 May to 15 September. Weather 
data for the rest of the experimental period were obtained 
from the records of the Government of Quebec meteor- 
ological station at Ancienne Lorette, 12 mi to the south- 
east. 

Spore Dispersnl m7d Gerrninntion 
Estimates of spore discharge in the field were made by 

installing microscope slides, covered with a thin film of 
vaseline, about 1 in. below three to four naturally occur- 
ring sporophores of S. snngrri~~olentum. Every 24 hours 
for the period ending 9 to 10 A.M., the spores occurring 
on three transits across the top, middle, and bottom of 
the slide were counted with a low power microscope 
objective; the result was mdtiplied by an appropriate 
factor to obtain an estimate of the number of spores 
deposited over the slide surface. 

In the study of spore discharge a t  various temperatures, 
microscope slides were placed on moist cotton under 
comparable portions of sporophores stuck to the lid of 
Petri dishes. Samples from each of three sporophores 
were used at each temperature. The chambers were then 
placed in polyethylene bags and incubated at  appropriate 
temperatures over the range 35 F to 80 F for 24 h. Spore 
discharge was then estimated visually by the relative 
density of the spore deposits on the slide, according to 
an  arbitrary scale, e.g., 1 (low) to 5 (high). 

The criterion for spore germination was occurrence of 
a distinct germ tube after 24 h. Aqueous spore suspen- 
sions at density of 120 to 360 spores/mmz were dispensed 

on films of water agar (washed according to the method 
of Robins 1939), either directly on microscope slides, o r  
on samples of host tissues, and incubated in moist 
chambers. Counts were based on three replicates, each 
of 100 spores. Germination at  different temperatures 
was determined over the range 37 F to 83 F. 

Prepnratiorr of Artificinl Infection Corrrts nnrl Methorls of 
Microbiologicnl Snn1plir7g 

Living trees-Every 1-2 weeks during spring and 
summer of 1963 and 1964, six to eight balsam fir trees, 
30 to 40 years old and 2 4  in. diameter breast height 
(d.b.h.), were "topped" about S ft from the ground; the 
saw cut was made several inches above the first whorl of 
green branches to avoid killing the tree. Five to 6 months 
after being injured, an  8-in. section of stem was cut from 
the remaining top of each tree, placed immediately in a 
polyethylene bag, and, within 4 hours, delivered to the 
laboratory. The sections were then swabbed with 95% 
ethanol, split longitudinally through the center, and 
eight small cubes of wood (approx. 0.5 cm3) were re- 
moved aseptically from the heartwood and the sapwood 
at  a distance of 4 and 3 in. from the top surface. The 
samples of wood were placed on 2% malt agar slants in 
test tubes, and incubated at  room temperature for 12-15 
days. 

Excised stem sections-Infection traps consisting of 
freshly cut sections of balsam fir stems, 4 in. long, unless 
otherwise stated, and 2 4  in. in diameter, were placed, 
usually in replicates of four, on tables 4 ft from the 
ground (Fig. 1). Actively sporulating fruit bodies of S.  
sanguinolentrm~ were installed about 1 ft above the tables. 
Preliminary experiments indicated that an  exposure time 
of 1-2 weeks was necessary to obtain a critical evaluation 
of temperature and precipitation effects on competition 
between initial colonizers of the wound surface. After 
exposure, the traps were enclosed in paper bags and 
incubated for 3 weeks at  60 F to permit the penetration 
of S. sntzgrrit7olerztrrrz to a suitable depth for sampling. 
The traps were then swabbed with 95% ethanol and split 
through the center four times to exp-ose eight inteiior 
radial surfaces. Two isolations on 2y0 malt agar slants, 
one from the heartwood and one from the sapwood, 
were made from each radial surface (16 in all) and 13 in. 
from the exposed surface of the trap. Slants were exam- 
ined after 12-15 days incubation at  room temperature. 

Control isolations were made, at the time of felling, 
from three sections of each of the trees which supplied 
material for the traps to determine the presence or ab- 
sence of an indigenous microflora, as described above. 
Similarly, control isolations were made from the injured 
part of the living trees. 

Factors Affecting Dispersal and Germination 
of Spores of ~ t e r e z i m  snrzgziiriolentztm 

Sporophore Productio~z and Spore Discharge 
Periodic observations in the Duchesnay 

study area since 1961 have revealed that fructi- 
fications of the fungus on slash appear during 
the first half of July of the third year after 
felling. 



FIG. 1. Method of studying colonization of freshly cut balsam fir stem sections by microorganisms in the 
forest: (upper) a table of five standard. 4-in. stem sections exposed to natural i n o c ~ ~ l ~ ~ n ~  showing position of 
sporophore of S. snr rg~rb lo le r~ t~~~ ,~  installed on a board 1 ft above the table; (lower) sections of assorted sizes 
on a table in a study of the succession of microorganisms. 
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Spores were liberated during favorable 
conditions from July until the onset of freez- 
ing temperatures in October or November and 
spore liberation was resumed during the first 
week of April when temperatures were above 
freezing and there was an abundance of moisture 
from melting snow. The release of viable spores 
continued periodically from sporophores pro- 
duced the previous year until after the appear- 
ance of the new crop of sporophores in July. 

Spore-trapping surveys conducted in the 
forest at Duchesnay and in the arboretum at  
Quebec revealed that liberation of viable spores 
of S. snnguinolent~lm may occur from early 
spring to late fall, when conditions of 100% 
relative humidity prevail over several hours, 
especially during and immediately after periods 
of rain, and when mean daily temperatures are 
above about 40 F (Figs. 2 and 4). A substantial 
increase in spore discharge occurred on 4 and 
12 October (Fig. 2), both dates being at  the end 
of an extended rainy spell of 4 to 5 days. Gener- 
ally, maximum liberation of spores was more 
often associated with several small rainfalls 
spread over 2 or more days than with a single, 

, heavy downpour (Fig. 4). 
I Spore discharge under 1007, relative humidity 
I conditions in the laboratory was found to vary 

with temperature (Fig. 3, upper right). Dis- 
I charge did not occur below about 35 F and 

above 78 F ;  the range of maximum discharge 
was between 50 and 70 F. 

Gern?inntiorz 
Basidiospores, at a concentration of 120 

spores/mm2 on a 27, water agar in a saturated 
atmosphere, showed 1007, germination after 
24 h at room temperature (72-73 F). Germina- 
tion fell to 917, when the concentration was in- 
creased to 360 spores/mm2 of agar surface. 
Concentrations of spores were kept within 
these two density values in subsequent tests. 
The factor which suppressed germination at the 
higher spore concentrations was found to be a 
specific, heat-unstable, water-soluble inhibitor 
associated with the spores. There was no 
evidence of the inhibitor affecting germination 
except under these unnatural conditions. 

The maximum percentage of spore germina- 
tion occurred at  70 F (Fig. 3); no germination 
occurred below 40 F or above 80 F. In contrast, 
no reduction in germination was evident 
between 70 and 50 F when the agar film was 
placed on fresh balsam fir heartwood and sap- 
wood (Table I). However, in the latter case con- 
siderable reduction occurred in germ tube 
development at the lower temperature. 

Germination tests were made also with spores 
from sporophores that had been kept a t  room 
temperature, and at  0 F for periods of up to 5 

TABLE I 
Percentage of germination and germ tube development of Stereum sanguinolentum and Ceratocysris picene after 24 
hours on water-agar films in contact with fresh and air-dried balsam fir heartwood and sapwood at temperatures of 

50 and 70 F 

Percentage of germination Germ tube length, p 

Treatment S. sa?~guinoIentlnn C .  piceae S .  snr~guinole?~turn C .  piceae 

Fresh sapwood 
50 F 
70 F 

Air-dried heartwood 
50 F 
70 F 

Air-dried sapwood 
50 F 
70 F 

Moistened filter paper 
70-74 F 

NOTE: A minimum of 100 spores were counted for each determination except for values marked with.an as!erisk (*). which are based on the 
number of spores shown in parentheses, Basidiospores of S. sanguinolentrrm were obta~ned from two fru~t-bod~es; conidia of Ceratocysfispiceae 
were obtained from a culture grown on 2y0 malt extract agar. 
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to 6 months, in a dry condition. Storage for this 
length of time, at the test temperatures, appeared 
to have no appreciable effect on spore viability. 

Spore germination tests were performed from 
time to time, usually weekly, with samples of 
basidiospores collected on water agar during 
the spore trapping surveys to determine whether 
seasonal variations occurred in viability ; there 
was no evidence of any such variability. 

Factors Affecting the Infection Process of 
Stereum sanguinolentum 

Exposure of Fresh Wound Surfaces 
(i) Natural Iigection 
Experiments with excised stem sections con- 

ducted during snow-free periods from April 
1965 to June 1966 at Duchesnay, were designed, 
inter alia, to study the effect of exposure to 

forest air on susceptibility of wound surfaces to 
airborne spores of S. sanguinolentum (Fig. I). 
A modification of the exposure treatment was 
attempted to study the influence of air on the 
susceptibility of the wound surface by excluding 
airborne spores for periods of varying duration. 
This is referred to as "conditioning". The treat- 
ment procedures were as follows. 

Treatmelzt A-Stem sections 4 in. in length 
were exposed on tables, 4 ft from the ground, 
to infection by airborne spores of S. sanguino- 
lentuln for 1 week (Fig. 4). 

Treatment B-Stem sections 6 in. in length 
were placed on a wire grid raised slightly above 
the surface of the table so that only the top sur- 
face of the trap was exposed to the direct im- 
pingement of airborne spores. After 1 week, a 
2-in. disk was removed from the top of the 
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FIG. 2. Spore discharge of S. snizguinolentum in relation to maximum, mean, minimumtemperature, rel- 
ative humidity, and precipitation at Ste-Foy, Quebec. 
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FIG. 3. Temperature relations of S. sangrtinokntr~m and selected members of the microflora of freshly 

exposed balsam fir stems. 
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sections (to eliminate all chances of infection 
from that end) and the remaining 4-in. section 
was turned over; the bottom surface was then 
exposed for 1 week to infection by airborne 
spores (Fig. 6). 

Treatment C-Stem sections 8 in. in length 
were placed on a table equipped with a wire 
grid, as for treatment B, and conditioned for 2 
weeks. A disk of 4 in. was removed from the top 
end of the section before turning it over to 
expose the bottom surface for 1 week to in- 
fection by airborne spores (Fig. 7). 

Treatment D-As for treatment C, except 
that no fruiting body of S. sar7g~linolenturn was 
installed above the traps. 

Treatment E-Stem sections 4 in. in length 
were exposed for 2 weeks to infection by air- 
borne spores under the same conditions as for 
treatment A (Fig. 5). 

The traps were exposed on the tables, in 
treatment groups of four or five, at intervals of 
6-7 days (Fig. 1). All traps for a given exposure 
period came from the same stem. In every case, 
incubation was for 3 weeks at 60 F after the 
treatments. 

The histograms of Figs. 4 to 7 show the kind 
and frequency of isolation of species colonizing 
balsam fir stem sections throughout the period 
of study, for exposure treatments A, E, B, and 
C, respectively. Figures 4 and 5 (treatments A 
and E) show the pattern of colonization after 1 
and 2 weeks of exposure, respectively. The 
effect of the second week of exposure on S. 
sangrrinolentuin was negligible, indicating that 

The second week, however, resulted in an in- 
crease in the frequencies of Ceratocystis piceae 
(Miinch) Bakshi, Cytospora sp., and bacterium 
"J". The frequency of the six fungi, Peniophora 
cinerea (Fr.) Cke., Corticium Iaeve Pers. ex Fr., 
Co~.ticiunz sp., TrecI7is~10ra sp., Penicilliunz sp., 
and Alternmia tenuis auct. sensu Wiltshire was 
reduced by varying degrees as a result of the 
additional exposure. Peniophora cinerea was 
most markedly suppressed by the extended 
exposure period and showed decreased fre- 
quencies during periods when Ceratocystis 
piceae and bacterium "J" were showing an in- 
crease, indicating that it was probably replaced 
by the latter two species. 

Figures 6 and 7 show the frequencies and 
patterns of colonizing species after 1 and 2 
weeks of conditioning, respectively, followed by 
a week of exposure to infection by airborne 
spores (treatments B and C). By comparison 
with Figs. 4 and 5, it can be seen that all of the 
species o f  decay fungi, with the exception of 
Amylostereum chailletii (Pers. ex Fr.) Boid., as 
well as most of the other colonizing species, 
were drastically suppressed by the exclusion of 
airborne spores during the conditioning period. 
Infection by Stereirm sanguinolentum, in partic- 
ular, shows a marked reduction as a result of 
the conditioning when compared to the relatively 
high levels of infection obtained for the same 
exposure periods in traps without this pre- 
treatment (treatments A and E). 

Ceratocystis piceae and bacterium " J" colo- 
nized the "conditioned" surfaces, and continued 

infections had occurred during the first week. to colonize with increasing intensity with an 

FIGS. 4 to 8. The frequency of microorganisms isolated from freshly cut balsam fir stems after various 
exposure treatments in relation to maximum, mean, minimum temperatures and precipitation for the period 
studied. The solid histograms refer to heartwood infections, empty histograms to sapwood infections. A histo- 
gram of maximum height (8 units) indicates that the particular microorganism was obtained from each of 
eight isolations attempted from the heartwood or sapwood of an individual stem section. A square histogram 
(1 unit) indicates a single isolation of a particular microorganism from an individual section. Exposure 
periods (6 to 7 days) are indicated by divisions on the horizontal time scale. For any period, the histograms 
give frequencies for each section exposed. The numbers at lefthand margin refer to the following micro- 
organisms: (1) Stere~mz sangrrinolentum, (2) Amylostereum chailletii, (3) Sterer~m plrrpureunz, (4) Peniophora 
cinerea, (5) Peniophora gigantea, (6) Polyporus adustus, (7) Corticiutn laeve, (8) Corticium sp.1, (9) Cortici~rtn 
sp.2, (10) Treckispora sp., (11) unknown and miscellaneous basidiomycetes, (12) Alternaria tenuis, (13) 
Epicocclrm nigrum, (14) Ceratocystis piceae, ( 1 5 ) L ~ a t o c y s t i s  sp., (16) Cytospora kunzei, (17) Cytospora sp. 
(M-3), (18) Trichoderma viride, (19) bacterium J" (yellow-pigmented), (20) bacteria "I", (21) Penicilli~n~z 
spp., (22) Thyronectria sp., (23) unknown and miscellaneous non-basidiomycetous fungi. Fig. 4. Treatment 
A: traps exposed 1 week with viable sporophore of Stereum sanguinolentltm installed over table. Curve (upper 
diagram) shows relative availability of basidiospores of S. smzguinolentumduring theexposureperiods. Fig .5. 
Treatment E: stem sections exposed 2 weeks with viable sporophore of S. sang~rinolent~rm installed over 
table. Figs. 6 ,  7. Treatment B: stem sections conditioned 1 week (see text), then exposed 1 week. Viable 
sporophore of S. sa~iguinolentum installed over table. Treatment C: stem sections conditioned 2 weeks, then 
exposed 1 week. Viable sporophore of S. sung~rinolentum installed over table. Fig. 8. Comparative frequency of 
S. sanguinolentum isolated from stem sections subjected to the different treatments for the period studied. 
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increase in exposure time to airborne spores 
(Figs. 4 and 5). A reduction in the frequency of 
Alternaria tenuis and Peniophora cinerea, similar 
to that which resulted from extended exposure 
to airborne spores, occurred as a result of the 
additional week of conditioning, supporting the 
earlier observation that Peniophora cinerea was 
being replaced by Ceratocystis piceae and bac- 
terium " J". 

Inoculum Availability 
Limited information on the effect of the 

proximity of sporophores on infection was 
obtained during the course of the "trapping" 
experiments. A comparison was made of the 
frequency of S.  sanguinolentutn recovered from 
traps which had been exposed under similar 
conditions in the forest, except that one set of 
traps was located about 1 ft from an actively 
sporulating fruiting body (treatment C), while 
the other was at least 10 ft from the nearest 
fruiting body (treatment D). The frequency of 
isolations of S.  sanguinolentunz recovered over 
a 2-month period was 10 from traps placed 
under the sporophore and only 3 from the 
traps with no sporophore present (Fig. 8). 

artificial inoculation with basidiospores of 
Stereurn sanguinolentum was investigated under 
controlled conditions in the forest and in the 
laboratory. Fifty-one stem sections, 4 in. long, 
were cut from a single tree on 23 August 1965 
and treated as follows : 

(1) 16 sections were immediately exposed to 
forest air by the method used in the natural in- 
fection experiments; 

(2) 16 sections were immediately exposed to 
forest air under bell jars which had been placed 
on a raised wire grid provided with several 
layers of loosely packed cheesecloth to filter the 
circulating air ; 

(3) 16 sections were placed in a cold room a t  
- 17 C immediately after dissection on the same 
day as felling; 

(4) 3 sections coming from the base, middle, 
and top of the stem were used to estimate the 
moisture content of the tree and to determine 
the presence or absence of an indigenous micro- 
flora at the time of felling. 
Two weeks after this treatment (7 September 
1965), the stem sections were assembled in the 
laboratory and their moisture content adjusted 
to a comparable excess level by allowing each 

(ii) Artificial Infection section to- soak in 100 ml sterilk distilled-water 
The effect of various environmental factors on for several hours. The stem sections were then 

infection of balsam fir stem sections after inoculated at two points (1 in. apart), a t  the 



ETHERWGE: FACTORS AFFECTING INFECTION OF BALSAM FIR 

(I) 
5 - 

a c  8 N O ) -  -- i -  z; 1 %  sn iz sm gq 1; m e 1 -  ,, 
* I ;  
8 3 + 
u 

C 
.- L4 
u 
rd - 
3, 
C ." 
u 00 N  N 00 

0" 
a 00 t- m 0 0 -- 

00 0 0 W m  -6 00 No  

2 00 PI 0 0 t- 00 
a 
Y 

00 00 m m  N t- 0 0 

00 0 0 d'm 00 

00 00 - 0 
C 

8 ... 
0 - 

00 00 WN 6- -0 

W'I) w PI 00 00 N  0 NN 

00 -0 60 00 -- 
0- 06 Ot- 00 N  - 00 

00 - PI 0- PI 0 N  0 

(I) 

C 

E: - 0 00 N  0 00 
.- 

2 
00 0- 6 - 00 0- 

E -0 0 - N  0 t-w 

0 0 00 -6 PI 0 0- 

0- 0- cn- N  3 -- 
6-t Ot- 00 W O  - 0 
0 0 o w  O N  t-m 0- 

00 00 0 N  00 W O  N  - 
... - 0 0 0 0 - 6 t-- - 0 

L r 
0 0 

0 6 
d r 

7 E 
m m 
C 3 sa e s -  .sn 
2 E 

- 

u .u 

fi -- it- m N  1 -  ,q: 1; sz 1 -  2 39 1 %  2 

6- w w  2 p H 5  p 2 / 9  56 i s  20 is 60 i t -  
-3 

m = 
5.; 
z E 
2 + 
J P, " a J P, 



468 CANADIAN JOURNAL OF BOTANY. VOL. 47, 1969 

juncture of the heartwood and sapwood, on one 
side of the top surface with 0.2 ml of a suspen- 
sion of spores of S. sanguinoleiztum and on the 
other side with 0.2 ml of a mixed suspension of 
spores of S. snnguinolentuin, Cerntocystis picen, 
and miscellaneous microorganisms. The sus- 
pension of miscellaneous microorganisms was 
obtained from collections of rainwater made in 
the forest during the previous 2 weeks. After 
inoculation, randomly selected samples from 
each of the three initial-treatment groups, were 
incubated at two temperatures (50 and 70 F) 
and with and without water amendments for 1 
week, then for a further 3 weeks at 60 F. In- 
fection was determined on the basis of six 
isolations (three heartwood, three sapwood) 
taken at a depth of 1+ in. immediately below 
each of the paired inoculation points on the 
surface of each section. Four stem sections 
received each treatment. Further pertinent de- 
tails and the results of the experiment are given 
in Table 11. 

The results generally support the conclusions 
drawn from the natural infection experiments, 
namely, that S. snnguinolentum is decidedly 
favored by fresh, uncolonized heartwood and 
by temperatures below 60 F, conditions which 
appeared to reduce competition by other 
organisms to a minimum. I t  is notable that on 
a fresh substrate ("unexposed" treatment), 
Trichodernzn viride occurred almost three times 
as frequently at 70 F as at 50 F and almost 
twice as frequently in the sapwood as in the 
heartwood and appeared to be the main reason 
for the total exclusion of S. sanguinolentun~ in 

these situations. It is notable also that the 
frequency of isolation of bacterium "J" was 
appreciably greater in stem sections exposed to 
forest air and rain than in treatments where rain 
was excluded. The wetting-by-rain treatment 
was marked also by complete loss of suscepti- 
bility to the artificially introduced spores of S. 
snnguinolentunz (the single infection recorded 
being regarded as a natural one) which pro- 
duced infections only with treatments that 
appeared to suppress bacterium "J". The 
moisture amendments during the initial week 
after inoculation had a depressing effect on most 
of the colonizing fungi and did not appear to be 
selective for any particular organism. 

Moisture Content of Wood 
I t  was considered important to determine 

whether changes in moisture content occurred 
during exposure which could have a significant 
effect on the infection process. Consequently, 
determinations were made of the moisture con- 
tent (oven-dry weight basis) of representative 
balsam fir stem sections, after exposures of in- 
creasing duration, during 1965 (Table 111). 

Variations occurred between the initial mois- 
ture content determinations for each series of 
exposures, ranging from 99y0 for samples in- 
stalled on 23 August 1965 to 179y0 for samples 
installed on 2 August 1965, which reflected in- 
dividual difference~ in moisture content of the 
sample trees at time of felling. With the excep- 
tion of the series of 26 July 1965 which showed 
marked fluctuations in moisture content during 
the 3-week exposure period, only minor fluctua- 

TABLE III 
Effect of exposure (forest) and incubation (laboratory) treatments on the moisture content of representative balsam 
fir stem sections, for specific trapping periods in 1965 (given as percentage of mean moisture content with the deter- 

mination date in parentheses) 

After 1 week 

Initial After 1 week After 2 weeks After 3 weeks 
(fresh-cut) exposure exposure exposure 

134.8 (26 /7 165) 92.2 (2 /8 165) 139.2 (9 18 165) 81.9 (1618165) 
179.2 (218 165) 136.7 (918165) 142.2 (1618165) 158.4 (2318165) 
107.7 (918 165) 95.0 (1618165) 113.4 (2318165) 110.9 (3018165) 
147.8 (1618165) 131.8 (2318165) 137.9 (3018165) 148.7 (619165) 
99.4 (23 /8 165) 85.8 (3018 165) 78.7 (6 /9 165) 78.0 (13 /9 165) 

148.5 (3018 165) 133.8 (619165) 123.6 (1319165) 142.5 (2119165) 
Averages 

136.2 

exposure and 
3 weeks 

incubation 

93.2 (23 /8 165) 
84.4 (30 /8 165) 
57.4 (6 /9 165) 
86.8 (1 3 /9 165) 
78.1 (2019 165) 

- 

NOTE: Moisture content expressed as percentage of oven dry weight: minimum of three replicates for "initial", 
for "2 weeks", one for "3 weeks", and one for "incubation". 

four for "1 week", four 
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tions were recorded for the other series and these 
represented a spread of values only slightly 
lower at the end of 3 weeks (78% to 15873 than 
occurred initially. Exposure at 60 F during the 
3-week incubation period produced a more 
marked drop in moisture content and final 
values ranged from 570jo to 93%. 

Precipitation 
Observations were also made on the effect of 

rain on the incidence of infection of decapitated, 
living balsam fir (Fig. 9) and excised stem 
sections (treatments A and E, Fig. 8) by S. 
sanguinolenturn. Analysis of the data showed that 
infection of living trees, more clearly than that 
of the stem sections, is affected by rain at the 
time of wounding; therefore, results pertaining 
only to decapitated trees are presented. Gener- 
ally, rain was relatively plentiful and well dis- 
tributed over the study period so there was no 
clear example of the effect of extended drought 
periods on infection. Despite several examples 
of infection occurring in trees during short 
drought periods of 3 to 4 days duration after 
wounding, notably, on 25 April 1963 and 1 May 
1964 (Fig. 9), such dry spells after wounding 
usually prevented infections by S. smguinolen- 
turn. Almost 80Y0 of the injury dates which 

resulted in infection by this fungus coincided 
with wet periods when rain fell on the day of the 
injury, or the next day. Rain falling on the day 
before the injuries were made appeared to have 
no effect on subsequent infection by S. san- 
guinolentun?. 

A critical comparison of the occurrence of 
rain at Duchesnay during the summer and fall 
of 1965 (Fig. 8) and the moisture march in stem 
sections exposed over the same period (Table 
111), failed to show a quantitative relationship 
between rainfall and the moisture fluctuations 
in the wood. 

Temperature 
The exposure period immediately after wound- 

i n g ~  which resulted in establishment of S. 
sanguinolentun~, either in living trees or in excised 
stem sections, was characterized by mean daily 
temperatures within the range of 38 F to 60 F 
(Figs. 8 and 9). In contrast, a marked reduction 
in the frequency of infection can be observed as 
mean daily temperature values approached 60 
F ;  for example, during June and July 1963, 
June 1964 (Fig. 9), and June, July, and the first 
half of August 1965 (Fig. 8). The marked con- 
trast between the frequency of injured trees in- 
fected by s. sailguinolentum during April and 

APR. MAY JUN. JUL. AUG. APR. MAY JUN. 

Fig. 9. Infection by S. sangllinolentrrm (upper diagram) of decapitated living balsam fir trees in relation to 
maximum, mean, minimum temperature and precipitation at  Duchesnay, Quebec (lower diagram) and the 
suitability of the wood substrate of the injured trees to support mycelial growth of this fungus (curve, upper 
diagram). 
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May 1963 and these same months in 1964, 
appears to be due to the occurrence of sub- 
optimal temperatures for this fungus for an 
extended period during the spring of 1963. 

The effect of ambient tem~eratures on the 
kind and frequency of colonizing species 
associated with S. sanguinolentum in excised 
stem sections of balsam fir can be seen in Figs. 
4 and 5. Species that were apparently favored by 
the same general range of temperatures as 
Stereum sanguinolentum were Stereunz pur- 
pureum (Pers. ex Fr.) Fr., Polyporus adustzrs 
Willd. ex Fr., Corticiunz laeve, Corticium 
sp., Trechispora sp., Ceratocystis sp. (Chalara 
type), Cytospora kunzei Sacc., and Cytospora 
sp. With the exception of Stereuln purpurenm, 
which occurred late in the season, and Cyto- 
spora kunzei, which occurred in the spring, none 
of these fungi was sufficiently abundant to be 
regarded as a serious competitor. Species which 
occurred at temperatures above the maximum 
of the range for Stereum sang~iinolentunz (60 F), 
and which, therefore, could be of major im- 
portance in determining the failure of this 
fungus to colonize freshly exposed wound sur- 
faces at the higher temperatures, were Penio- 
phora cinerea, Alternaria tenuis, Ceratocystis 
piceae, and possibly bacterium " J". All of these 
species were isolated relatively infrequently 
from traps installed during the period 23 August 
to 7 September 1965, when maximum coloniza- 
tion by Stereum sanguinolentum was obtained. 

For practical purposes the cardinal tem- 
peratures for the growth of a fuugus in wood are 
approximately the same as for its growth on 
malt agar (Cartwright and Findlay 1946). This 
was confirmed by comparative studies of the 
rates of linear extension of S. sm~guinolentzlm 
mycelia in balsam fir stems and on 2% malt 
agar under controlled conditions in the labor- 
atory. Longitudinal penetration of wood by S. 
sanguinolentum at different temperatures was 
determined by installing freshly cut stem sec- 
tions of balsam fir (about 3 ft long) in growth 
chambers maintained at 37 F, 48 F, 60 F, and 
71 F, respectively. The base of each section 
was placed in a pan of water to maintain a 
uniform wood moisture content during the in- 
cubation period; the tops were covered with 
sheets of plastic fastened tightly around the 
bark. The sections were inoculated in duplicate, 
about 6 in. from the top, by inserting plugs of 

wood (1 in. in length) infected with S. sanguine- 
lentum into holes drilled aseptically to appro- 
priate depths in the sapwood and heartwood. 
The holes were then sealed with grafting wax. 
After 6 weeks, the sections were split longitudin- 
ally and isolations were attempted, at $-in. 
intervals, from directly below each point of 
inoculation. 

Radial growth on 2y0 malt agar was deter- 
mined for temperatures over the range of 37 F 
to 86 F. Two measurements at right angles to 
the diameters of duplicate colonies were made 
at the end of 7 and 14 days. The difference 
between the measurements which represented 
the growth during the second week was used to 
calculate the mean daily growth of the cultures. 

Maximum and minimum growth rates of 
about 4 in. and $in. per month at 71 F and 37 F, 
respectively, were obtained on both substrates. 
Therefore, the effect of temperatures on the 
growth of S. sanguinolentum and selected fungi 
were studied on 2y0 malt agar (Fig. 3). The 
temperature for optimal growth of most of the 
wound colonists of balsam fir was 70 F. How- 
ever, five species, including three of the four 
suspected competitors of S. sanguinolentum at 
higher temperatures; namely, Alternoria tenuis, 
Peniophora cinerea, and bacterium "J" had 
higher optima, around 80 F, than the others. 
Ceratocystis piceae had about the same tem- 
perature requirements for mycelial growth as 
had Sterennz sarzguinolentuin, which suggested 
that factors other than rate of colonizatioll of 
wound surfaces, possibly illoculuin availability, 
gave this fungus an advantage at temperatures 
above 60 F. 

Comparative studies of S. sanguinolelztum and 
Ceratocj~stis piceae were made in the laboratory 
on exposed as well as on previously unexposed 
heartwood and sapwood of balsam fir to deter- 
mine the relative effect of high and low incuba- 
tion temperatures on spore germination. The 
results presented in Table I show that basidio- 
spores of S. sanguinolentum germinated equally 
well at 50 and 70 F after 24 hours, while ger- 
mination of conidia of C. piceae was markedly 
arrested at the lower temperature. At these two 
temperatures neither sapwood nor heartwood 
appeared to have any differential effect on ger- 
mination or germ tube development of the two 
fungi. 
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Substrate 
Periodically, from 1963 to 1965, Stereunz 

sanguinolentunz and selected fungal competitors 
were grown on freshly cut stem sections of 
balsam fir under uniform temperature and 
moisture conditions to investigate possible 
variable growth-promoting or growth-retarding 
effects of the substrate. Tests were conducted 
with material from (i) different heights along an 
individual stem, (ii) the same heights of different 
trees, (iii) heartwood and sapwood areas of 
individual disks, and (iv) trees cut a t  different 
seasons of the year. Sections about + in. thick 
were cut aseptically with a hand saw from 
appropriate samples of freshly decorticated 
balsam fir steins which had been kept frozen 
since the time of felling. The sections were 
placed immediately in sterile Petri dishes or 
other suitable vessels. Control material, to 
determine if the effects were of microbiological 
or chemical origin, was similarly prepared from 
adjacent parts of the stem and then autoclaved 
for + h at 15 lb/sq. in. Before they were tested, 
the sections were soaked in sterile, distilled 
water for 2 to 3 h to obtain a uniform moisture 
content. Dialyzer paper which had been dry- 
sterilized with propyleile oxide gas was placed 
on the surface of the wood after it was wetted 

I first in sterile distilled water to ensure a good 
contact. Sections were inoculated along two 
radii with 5-mm plugs from malt agar cultures; 
the surface of the mycelial mat was placed in 
contact with the dialyzer paper. After inocula- 
tion, the cultures were placed in polythene bags 
and incubated at  23 C. Colony diameters were 
measured after 7 days with the aid of a low- 
power stereo microscope. 

Over the 2-year period, during which tests on 
several dozen trees were carried out, there was 
some indication that S. sanguinolentum grew 
better on heartwood than on sapwood, and on 
heartwood from the upper stem than on heart- 
wood from the base of trees, but individual 
variation was considerable and no consistent 
patterns of substrate susceptibility or resistance 
were revealed. Similar results were obtained in 
tests with autoclaved sister disks, which sug- 
gested that the observed variation was not due 
to the presence of an indigenous microflora. 
However, the sterilized material usually sup- 
ported better mycelial growth, particularly for 
fungal competitors of S. sanguinolentum. 

In addition, the possibility that variable 
growth-promoting or growth-retarding factors 
of the wood were important in regulating in- 
fection of balsam fir by S. sanguinolentum was 
investigated by carrying out similar tests on 
freshly cut disks taken from the stem adjacent 
to the wound surfaces of trees experimentally 
decapitated during 1963 and 1964. The average 
colony diameters of the fungus on these sub- 
strates for successive wounding dates is given 
in the upper diagram of Fig. 9. It  appears that 
no quantitative relationship existed between 
substrate suitability to S. sanguinolentzrtn and 
natural infection of the trees. It  was unfortunate 
that the two injury dates, i.e., 10 June and 25 
J~lne, 1963, when almost complete growth in- 
hibition by wood was obtained against S. 
sanguinolentum, coincided with otherwise un- 
favorable weather conditions which made fur- 
ther examination of the effects impossible. 

Although control tests with autoclaved ma- 
terial indicated that microorganisms were prob- 
ably not actively involved in causing the ob- 
served inhibitory effects, species of bacteria are 
known to be an important component of the 
inner heartwood of living balsam fir (Etheridge 
and Morin 1967), and as such could play a 
significant role in the infection process. In the 
present study, a bacterial complex (designated as 
bacteria "1") was made up of the organisms 
most frequently isolated from both the excised 
stem sections (Figs. 4 to 8) and the injured 
stems of living trees (Table V). This bacterial 
complex occurred at about the same frequency in 
the many control isolations made from the 
sample trees at the time of felling. However, 
under the wide range of conditions studied, 
there was no evidence of it acting in any way as 
a competitor of S.  sanguil~olentum. The relative 
growth rates (in 0.8yo nutrient broth after 24 
h), at different temperatures, for bacteria "1" 
is given in Fig. 3, where it can be seen that 
moderately high activity occurs over a range of 
45 to 55 F. As noted earlier, this is optimal for 
infection of fresh wound surfaces by S. san- 
guinolentum. Moreover, pairing tests with S. 
sanguinolentunz and members of bacteria "1" 
on 2y0 malt agar showed no evidence of antag- 
onism between the colonies. Recent studies by 
R. J. Bourchier, Fredericton, N.B., have con- 
firmed these observations (personal communi- 
cation). 
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TABLE IV 
Frequency of microorganisms isolated from balsam fir stem sections exposed (for periods of 1 month) in balsam fir 

stands of different composition and ages, between the dates shown 

Duchesnay, Lac Jaune, Laurentide Park, 
mature fir (7001,) immature fir (25%) immature fir (90%) 

Organisms 1 2 3 4 T  1 2 3 4 T  1 2 3 4 T  

Basidiomycetes 
Stereurn sanguinolentum H 0 0 0 0 0  0 

S 0 0 0 0 0  1 

Stererun prrrprlreum 

Peniophora cinerea 

Peniophora gigantea 

Polyporus adustus 

Corticium laeve 

Trechispora sp. 

Unknown and miscellaneous 

Subtotals 

Non-basidiomycetes 
Alternaria termis 

Epicoccurn nigrum 

Ceratocystis piceae 

Cytospora kur~zei 

Trichoderma viride 

Bacterium " J" 

Bacteria "1" 

Penicilliunz sp. 

Unknown and miscellaneous 

Subtotals 

Negative 

NOTE: Basis: 80 isolations from five sections representing each category. 
Exposure periods: l =  29 17/65 to 31 18 165; 2= 1718 165 to 13 19 165 (15 19\65 L. 
4= 13/9/65 to 13 /10/65 (19/10/65 L. Park). 
H= heartwood infections; S= sapwood infections; T= totals. 

Park); 3= 31/8/65 to 30/9/65 (19/10/65 L. Park); 
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In earlier studies, S. satzguinolen~um was position of the wound surface. This was tested 
found colonizing heartwood more frequently by adding appropriate volumes of a 57, malt 
than sapwood (Etheridge and Morin 1963). A extract to freshly exposed wound surfaces of 
similar situation is evident in the present work, both living trees and excised stem sections of 
which consistently shows a greater frequency of 
isolation of this fungus froill heartwood than 
from sapwood. Colonization by S. sanguino- 
Ieiztum also seems to be more successful in 
injuries of living trees, as seen by the higher 
frequencies of infection in the decapitated trees 
than in the excised stem sections, under com- 
parable conditions of exposure. An attempt was 
made to see whether a similar unfavorable sub- 
strate effect could be reproduced in the living 

balsam fir. It was thought that the nutrition- 
al amendment would encourage saprophy- 
tes, especially non-decay-producing organisms, 
which might compete successfully with S. 
sanguiizolentum for the modified wound sur- 
face. The effect of the treatment on the frequency 
of isolation of S. sanguinoleiztuin and its com- 
petitors is given in Table V. 

Species showing a marked decrease in the 
frequency of isolation after the treatment to  

trees by deliberately changing the nutrient corn- living trees were S. s~~tzguinolentum, Peniophora 

TABLE V 
The effect on the kind and frequency of colonizing microorganisms of 5% malt extract applied to freshly exposed 
cross-sectional surfaces of living (decapitated trees) and dead (4-in. sections) balsam fir stems for various exposure 

periods 

Living (30 trees) Dead (32 stem sections) 

(2615 165 to 26 /5 166) (3 /5 165 to 3 /6 165) (2015 165 to 21 16/65) 

Non-treat. Non-treat. Non-treat. 
Treat. (15) (15) Treat. (8) (8) Treat. (8) (8) 

Organisms H S T  H S T  H S T  H S T  H S T  H S T  

Basidiomycetes 
Sterelrrn 

sanguinolerititm 1 1 2 4 5 9 2 0 2 2 0 2 1 0 I 1 0 I 
Amylosterertrn 

chailletii 1 1 2  0 0 0  0 0 0  0 0 0  0 0 0  0 0 0  
Stereurnpurpurelirn 12 7 19 5 4 9 0 0 0 0 0 0 0 0 0 0 0 0 
Peizio~horacitierea 1 0 1 3 3 6 0 0 0 0 2 2 0 1 I 0 0 0 

~ o l ~ ~ o n r s a ~ i ~ t u s  0 6 6 1 6  7 0 0  0 0 0 0  0 0  0 0 0 0  
Corticirrmlneve 16 11 27 8 8 16 0 1 I 1 3 4 0 2 2 0 1 I 
Corticiirm sp.1 0 0 0  0 0 0  1 0 1  0 0 0  0 0 0  0 0 0  
Unknown and 

miscellaneous 2 3 5  0 1 1  1 1 2  0 2 2  0 5 5  0 0 0  
Subtotals 34 33 67 23 27 50 4 2 6 4 7 11 2 10 12 1 1 2 

Non-basidiomycetes 
Alternaria terzuis 14 11 25 8 10 18 8 18 26 5 13 18 4 5 9 6 15 21 
Epicoccrrin nigrum 2 1 3 1 6 7 1 2 3 3 4 7 1 3 4 1 6 7 
Ceratocystis piceae 1 0 I 0 0 0 5 4 9 5 1 6 8 0 8 13 8 21 
Cernrocystis sp. 0 0 0  0 0 0  0 1 1  0 0 0  1 0 1  1 1 2  
Cytospora krrnzei 3 4 7 9 7 16 14 9 23 7 4 11 15 15 30 1 1 2 
Cytospora sp. 0 0 0  0 0 0  2 0 1 3 3 3  8 5 1 3  1 0 1  0 0 0  
Trichodermaviride 0 0 0 0 0 0 0 0 0 0 0 0 1 0 I 0 0 0 
Bacterium " J" 1 3 4  5 1 6  4 0 4  4 2 6  7 0 7  1 7 2 1 9  
Bacteria "1" 13 8 21 9 4 13 11 24 35 29 26 55 34 4 38 49 6 55 
Penicilli~rm sp. 0 0 0  0 0 0  7 8 1 5  0 0 0  3 2 5  1 4 5  
Tllyronectria sp. 2 0 2  8 0 8  2 1 3  1 3 4  1 0 3 1 3  9 1 1 0  
unknown and 

miscellaneous 12 8 20 8 9 17 8 13 21 4 12 16 11 5 16 11 15 26 
Subtotals 48 35 83 48 37 85 80 93 173 66 70 136 96 37 133 109 59 168 
Negative 1 3  4 2 5 7 1 0 1 2 2 2  9 7 1 6  5 2 5 3 0  5 3 0 3 5  

NOTE: Basis: 16 isolation attempts (eight heartwood, eight sapwood) from each stem sample. H= heartwood infections; S=sapwood in- 
fections; T= total. 
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ciizerea, Epicoccum nigrum Lk., Cytospora kun- 
zei, and Thyronectria sp., while those showing a 
marked increase were Stereum purpureum, Pen- 
iophora gigantea (Fr.) Masse, Corticium Iaeve, 
Alter~zaria telzuis, and bacteria "1". Generally, 
the treatment adversely affected colonization by 
species showing some degree of substrate 
specificity, namely, Stereum sanguinolerztum, 
Cytospora kunzei, and Thyronectria sp., but un- 
accountably the treatment favored the latter two 
fungi on excised stem sections. Stereunz san- 
guinolerztum and Perziophora cinerea showed the 
greatest percentage of change in the frequency 
of isolation (about 80%) in response to the 
treatment whereas, from the standpoint of trees 
infected, the incidence dropped from 46% to 
13% for Stereunz sanguinolentum and from 40% 
to 77, for Peniophora cinerea after treatment. 
Stereum purpureunz and Corticiunz laeve of the 
decay fungi, and Alternaria tenuis of the non- 
decay fungi, all showed a substantial increase in 
frequency of occurrence in the heartwood after 
the treatment, and this was reflected by a cor- 
responding reduction in the frequency of S. 
sanguinolentunz infections. 

From the standpoint of influencing infection 
by S. sanguinolentum, of "treated" living trees, 
S. purpureunz was perhaps the most important 
fi~ngal competitor. It was absent in all six of the 
untreated, but infected trees, and present in 
half of those treated, but uninfected by this 
pathogen. Corticiunz Ineve seemed to be relatively 
unimportant in infection of the living trees by 
Stereunz sanguinolentunz as a result of the treat- 
ment. Ceratocystis piceae, which is one of the 
principal fungal competitors of S. sanguilzolen- 
tum in excised stem sections, was conspicuously 
absent in both the treated and non-treated, de- 
capitated, living trees. 

It is noteworthy that the addition of malt 
extract to the living trees had the same un- 
favorable effect on the frequency of occurrence 
of S. sarzguinolentum as that resulting from 
excision. The treatment had no apparent effect 
on the already limited capacity of S. sanguino- 
Ientum to colonize the excised material. 

Height of Wound from Ground 
The effect of different heights on coloniza- 

tion of balsam fir by S. sanguinolentum was 
investigated by exposing freshly cut stem 

sections on small platforms installed at 5-ft 
intervals along the stem of a large balsam fir 
tree in the study area. The frequency and kind 
of colonizing microorganisms was determined 
as in the previous experiments. The periods of 
exposure and the results of this experiment are 
presented in Table VI. The species most affected 
by increasing the elevation of the wound surface 
was Peniophora cirzerea, which showed remark- 
ably uniform increases in frequency, and 
bacteria "I", which was adversely affected by 
increasing heights. 

Generally, infections by decay fungi, includ- 
ing S. salzguinolentum which was isolated three 
times from traps installed at 12 and 20 ft, 
tended to be favored by higher elevations, while 
non-decay-producing species were unfavorably 
affected. For example, traps exposed at ground 
level produced the greatest number of isolates 
of imperfect fungi and bacteria, and the least 
number of basidiomycetous fungi. Alternaria 
tenuis, Ceratocystis piceae, and bacterium "J", 
suspected competitors of S. sanguilzolentum at 
higher temperatures, did not appear to be 
seriously affected by the different elevations. 

Forest Stand and Composition 
The frequencies and patterns of occurrence of 

species colonizing wound surfaces of balsam 
fir have been described heretofore for a single 
stand in the principal study area at  Duchesnay. 
Colonization of the fresh wound surface was 
studied also in balsam fir stands at  Lac Jaune 
(near the main area), as well as in Laurentide 
Park, to allow for comparison of different stand 
compositions and climatic areas. The results of 
these studies, for comparable exposure periods 
during August, September, and October, 1965, 
are given in Table IV. The major difference 
between the Duchesnay and Lac Jaune stands 
is age and the percentage of balsam fir, both of 
which are greater in Duchesnay. The Lauren- 
tide Park stand differed from the other two, 
being younger, and having a greater percentage 
of balsam fir, in the apparent absence of slash 
and of sporophores of S. sanguinolentrtnz, and in 
much lower prevailing temperatures, because of 
its higher elevation. 

The species showing the greatest variation in 
occurrence over the three areas were S. san- 
guinolentum, which despite the apparent absence 
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TABLE VI 
Kind and frequency of microorganisms isolated from freshly cut balsam fir stem sections 
exposed periodically at different heights from the ground in a balsam fir stand at Duchesnay, 

Quebec, during July, August, and September 1965 

Feet from ground 

Organisms No. isolations Totals 

Basidiomvcetes 

Peniophora cinerea 

Other basidiomycetes 

Subtotals 

Non-basidiomycetes 
Alternaria tenuis 

Cerntocystis piceae H 87 45 81 64 68 55 68 468 
S 116 100 90 113 98 105 113 735 

- - - - - - A - 

T 203 145 171 177 166 160 181 1203 

Bacterium "J" 

Bacteria "1" 

Other non-basidiomycetes H 27 
S 29 

- 
T 56 

Subtotals H 254 
S 277 

Grand totals H 254 249 263 215 234 208 234 1657 
S 281 253 236 259 252 285 279 1845 

NOTE: Exposure periods: 13/7/65 to 12/8/65. 12/8/65 to 3018 165. 30/8/65 to 16/9/65. 16/9/65 to 30/9/65. 
Basis: each figure represents the total Lumber of isolates ;f a particular micro6rganism obtained from eizht isolations attempted 
from each of five stem sections (40) over four exposure periods (160). 
H= heartwood infections; S= sapwood infections; T= totals. 
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of sporophores was favored by the lower tem- 
peratures of the Laurentide Park stand, Stereum 
purpureum and Peniophora cinerea, which were 
most abundant in the Lac Jaune stand, and 
Alternaria tenuis, Epicoccum nigrum, Cytospora 
kunzei, and Trichoderma viride Pers. ex Fr., all 
of which were conspicuous by their absence in 
the Laurentide Park stand. All the species of 
bacteria were favored by the cooler climate in 
Laurentide Park. The three suspected fungal 
competitors of S. sanguinolentum; namely, 
Peniophora cinerea, Alternaria tenuis, and Cera- 
tocystis piceae, which showed reduced frequen- 
cies during exposure periods characterized by 
low temperatures in the main experiment, were 
either absent or occurred in substantially re- 
duced frequencies in the cooler Park stand. 

Discussion 
Although suitable conditions for the produc- 

tion of viable basidiospores of S.  sanguino- 
I Ientum occurred in the study area from mid- 

April to mid-November, optimal conditions for 
I 

I 
release and germination occurred only during 

I extended periods of high relative humidity, 
usually associated with several days rain and 
mean daily temperatures of between 45 and 75 
F. The optimal range of temperature for suc- 
cessful colonization of the fresh wound surface 
of balsam fir by S. sanguinolentum was between 
45 and 55 F, suggesting that factors other than 
inoculum intensity were decisive in the infection 
process. 

It  appears that one of the most important 
factors limiting infection by S. sanguinolentum 
to ambient temperatures below 55 F is the in- 
creased rate a t  which wound surfaces are colon- 
ized by competing microorganisms above this 
critical temperature. Fresh surfaces of stem sec- 
tions exposed on days characterized by temper- 
ature of 55 F or greater, were almost exclusively 
colonized by such fungi as Peniophora cinerea, 
Alternaria tenuis, Ceratocystis piceae, and a 
yellow-pigmented bacterium (bacterium "J"), 
species which were absent, or occurred infre- 
quently, a t  lower temperatures. Most of the 
successful competitors had growth optima on 
malt agar in the order of 5 degrees higher than 
that of Stereum sangui~zolentuin. The single 
exception, Ceratocystis piceae, had similar 

growth-temperature requirements to those of S. 
sangui~zolentunz despite the fact that it was the 
main competitor during warm, dry weather. 
However, one of the principal means of dis- 
semination of spores in Ceratocystis is by insects, 
particularly bark beetles, which are very sensitive 
to the influence of temperature and often reach 
their maximum activity a t  temperatures in excess 
of 60 F during sunny, dry periods (Chararas 
1962). 

Ceratocystispiceae has never been reported to 
be species specific, but it has been reported asso- 
ciated with several bark beetle genera and certain 
other insects in Europe (Mathiesen-Kaarik 1960), 
and there is little doubt from the rapidity at 
which it colonized traps that associations with 
insects in the study area have played a major 
part in its dispersal. Some airborne dissemina- 
tion of C. piceae probably occurred since the 
fungus was recovered occasionally from traps 
exposed during extended periods of wet, cool 
weather when insect activity would be minimal 
but, because of their rarity, such infections ap- 
parently had little competitive effect on Stereum 
sanguinolentum. 

In contrast to  Ceratocystispiceae, colonization 
of the traps by two air-dispersed species, Penio- 
phora cinerea and Alternaria tenuis, was favored 
by ambient temperatures which corresponded to 
their requirements for mycelial growth on agar. 
Thus it was not until relatively late in the season, 
after mean daily temperatures had reached 60 F, 
that the competitive effect of these two species 
became significant for S. sanguinolentunz. 

Although temperature appeared to be the 
decisive factor determining dominance between 
S.  sanguii7oIentum and its competitors, rain had 
an important bearing on the establishment of 
this fungus, either directly by providing adequate 
inoculum and suitable conditions for infection, 
or indirectly through the selection of competitors 
for colonization of the wound surface. Although 
temperatures were often low ellough to suppress 
competitors, infection of the fresh wound surface 
by S.  sa17guinole17tu1n rarely occurred unless rain 
had fallen on the day of the injury or on the days 
immediately after. Rain also appeared to be the 
decisive factor in determining the competitive 
don~ina~lce of the air-spread, slash-decay fungus, 
Peniophora cinerea, over the insect-disseminated, 
non-decay fungus, Ceratocystispiceae, after only 
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1 week of exposure of the traps during the rela- 
tively warm, wet spell of 19 July to 9 August 1965 
(see Fig. 4). Although P. cinerea was rapidly re- 
placed in the traps by C. piceae after exposure 
for a second week (Fig. 5), the former fungus 
was highly effective in preventing the establish- 
ment of S. sa~zguinolentum during the critical, 
initial period of exposure. 

The exact nature of the interrelationships 
between S. sangui~zolentum and its competitors 
on the wound surface was not specifically studied. 
However, several observations suggest that the 
dominance of the successful invader depends 
upon its ability to become established on the sub- 
strate more rapidly as the result of more favor- 
able and possibly more selective conditions 
which exist there, and not upon antibiotic 
activity. It was shown that, whereas basidio- 
spores of S. sanguinolentum germinated on the 
wound surface equally well at  50 and 70 F, 
germination of conidia of C. piceae was markedly 
arrested at the lower temperature for the initial 

I 24 hours. 
I Inoculations with these two fungi showed also 

that despite their close similarity in growth- 
temperature relations on malt agar, successful 
infection by S. sanguinolentum was obtained on 
the natural substrate at 50, but not at 70 degrees, 

I whereas infections by C. piceae were almost twice 
I as frequent a t  the higher as at the lower temper- 

ature. There was no evidence of antagonism 
between these two species when grown together 
on artificial or natural substrates, but the effect 
of temperature on the interactions of these fungi 
was not studied and, in the light of recent findings 
of Henningsson (1967) in Sweden, it is quite 
possible that different results might be obtained 
at different temperatures. Low temperatures 
which inhibit or retard mycelial growth are also 
very likely to inhibit or retard the production of 
antibiotics, as has been shown by Michno- 
Zatorska (1960) for highly antagonistic Triclzo- 
dernza viride. 

Freshly exposed heartwood of balsam fir has 
been shown to act selectively for S. sanguino- 
Ielit~rm (Etheridge 1962), while certain other 
substrates are known to affect the optimum 
temperatures for growth of wood-destroying 
fungi (Wolpert 1924). One could, therefore, 
speculate that specific chemical properties of 
the wound surface may modify the growth- 

temperature relations of the early invaders to 
give S. sanguinolentum a distinct advantage a t  
lower temperatures. 

Physical and chemical differences which occur 
naturally, or are induced in wood of a given 
species, may have an important effect on the 
establishment of wood-inhabiting fungi and 
this could cause variations in infection levels 
not directly related to the external environment. 
Thus, in Alberta, a very low wood moisture 
content in subalpine spruce on dry sites, in 
contrast to that on wet sites, was considered to 
be the major factor responsible for the lower 
incidence of decay caused by S. sanguinolentum 
and other fungi (Etheridge 1958). Wood mois- 
ture content is extremely variable in balsam fir 
because of the prevalence of wet wood in this 
species, but observations in Quebec suggest 
that this factor could have little significance in 
the establishment of the pathogen in living 
trees. For example, the moisture content of 
stem sections successfully infected by S. san- 
guinolentum during the period 23 August to 7 
September, 1965, ranged from 78% to 148% 
which was about the same range (69% to 130%) 
recorded for living trees on a variety of sites in 
the study area (Etheridge and Morin 1962). 

The effect on S. sanguinolentum of possible 
differences in the specific gravity of the wood 
of balsam fir was not investigated. However, on 
the basis of earlier findings in Quebec (Etheridge 
and Morin 1962), variations in wood density 
are not great in this species and occur well 
within the range of variation in wood density 
that was found to have a negligible effect on 
decay in subalpine spruce (Etheridge 1958). 

There was no evidence of any connection 
between substrate suitability and the suscepti- 
bility of trees to infection, except for two in- 
stances (see Fig. 9). Trees which were injured 
on 10 June and 25 June 1963, and remained 
uninfected, were also shown to be most strongly 
inhibitory against S. sanguinobztum. However, 
both of these injury dates occurred during rain- 
less periods and it was impossible to separate 
the effects of adverse external conditions for 
infection and adverse substrate conditions. On 
the other hand, the markedly greater success of 
S. smgui~zole~ztum on heartwood (Figs. 4 and 5) 
represents a more consistent observation and 
suggests that this pathogen benefits from the 
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exclusion of such fungi as Ceratocystis piceae, 
Penicillium spp., and Peniophora citzerea by host 
resistance factors associated with the heart- 
wood in much the same way as has been postu- 
lated by Garrett (1960) for Arnzillaria t.nellea 
(Vahl. ex Fr.) Kummer. This is supported by the 
results of earlier studies (Hubbes and Etheridge 
1965) which have shown that S. sanguitzolentum 
has a greater tolerance for heartwood extractives 
of recently cut balsam fir than at  least two of its 
commonly occurring competitors, namely Alter- 
naria tenuis and Epicoccunz nigrum. 

Several observations point to a rapid break- 
down in host resistance and a corresponding 
increase in the activity of saprophytic com- 
petitors of S. sanguinolentum when environ- 
mental conditions are modified by excision of 
the substrate from the living host. Thus, it 
appears reasonably certain that competition by 
such non-decay microorganisms as Ceratocystis 
piceae, Penicillium spp., and bacteria "l", 
which are favored bv the modified heartwood of 
excised stem sections, is the major reason for 
the virtual exclusion of S. sanguinolent~lm and 
other wood-destroying fungi from this substrate. 

Similarly, amendment to fresh wound sur- 
faces by a 57, malt extract solution had the 
effect of increasing the occurrence of such 
colonizing species as Stereum purpureum, Cor- 
ticium Iaeve, Peniophora gigantea, Alternaria 
tenuis, and bacteria "I" to a degree which 
appreciably reduced infection by the more 
specialized decay fungi, including S. sanguino- 
Ientum and Amylostereum clzailletii. It is sig- 
nificant, from the standpoint of possible appli- 
cation of these findings to the formulation of 
practical biological control methods against S. 
sanguinolentum, that none of the successful 
basidiomycetous competitors on the malt- 
treated wound surfaces have been found 
associated with advanced decays in living balsam 
fir; but whether the decay status of these species 
will remain unchanged by such treatments has 
not been determined. 

It is also ~ossible that some or all of the 
colonizing species which occur in the wood at 
an early stage may later be replaced by more 
aggressive wood-destroying fungi, including S. 
sanguinolentum. The recent observations by 
Henningsson (1967), which indicate that Cor- 
ticium laeve and Stereum purpureum are among 

the first decay fungi to invade unpeeled birch 
pulpwood, and that these fungi are later re- 
placed by more pronounced wood-destroyers, 
support this possibility. 

Differences associated with characteristics of 
the stand and the macroclimate also have an 
appreciable effect on the distribution of S. 
sanguinolentum and other components of the 
wound flora of balsam fir. This is evident from 
the marked differences in occurrence of species 
colonizing wound surfaces in the three balsam 
fir stands studied (see Table IV). Thus the major 
distinguishing stand feature associated with an 
increase in the occurrence of S. sang~linolent~lttz 
was the cooler climate of the Laurentide Park 
stand, which is considered to be directly re- 
sponsible for the reduced frequencies in this 
stand of Petlioplzora cinerea, Alternaria tenuis, 
and Ceratocystis piceae, the three principal 
competitors of the pathogen in warm situations. 
I t  is also noteworthy that the climate of the 
Laurentide Park stand was relativelv un- 
favorable for the occurrence of Trichoderma 
viride, a fungus which is known to be inhibited 
by temperatures below 50 F (Michno-Zatorska 
1960). 

The observations reported here suggest a 
definition of the range of conditions tolerated by 
Stereum sanguinolentum during the process of 
infection of balsam fir. The relatively narrow 
range of temperature requirements and depend- 
ence upon rain and apparently freshly produced 
injuries for the establishment of this fungus in 
living trees would seem to limit the risk of in- 
fection to relatively few periods during the 
growing season, when conditions are favorable. 
However, while the susceptibility of summer- 
produced injuries falls off rapidly for S, sanguino- 
letztum, under certain conditions irreversibly, 
because of intense saprophytic competition for 
the wound surface, winter-produced injuries, 
which probably account for most infection 
courts, are extremely susceptible to  this fungus 
when thawing occurs early in April. It is un- 
doubtedly the superior competitive ability of S. 
sanguii?olentunz at low temperatures, and the 
capacity of this fungus to penetrate wood 
rapidly over a fairly wide range of temperatures, 
that ensures its continued dominance of the 
heartwood flora and makes it the most de- 
structive decay pathogen of balsam fir. 



ETHERIDGE: FACTORS AFFECTING INFECTION O F  BALSAM FIR 479 

Acknowledgments 
The author expresses his gratitude to Dr. R. 

Pomerleau, Head, Forest Pathology Section, 
and Mr. L. Morin, Forest Research Technician, 
Quebec, who, during extended periods of absence 
of the author, provided for continuity of the 
experiments and the successful conclusion of the 
study. 

Grateful acknowledgment is made to the 
Director, Quebec Meteorological Service, for 
providing unpublished data from station files; 
to the Secretary, Facultt de Forestikre et de 
Gtodtsie, Universitt Laval, Qutbec, for provid- 
ing research facilities in the Montmorency 
Forest; to the Director, L'Ecole Forestikre de 
Duchesnay, Quebec, for providing both field 
and laboratory research facilities at Duchesnay, 
Quebec, and to Dr. Mildred Nobles, Senior 
Mycologist, Plant Research Institute, Depart- 
ment of Agriculture, Ottawa, for advice in 
identifying fungi. 

Thanks are extended to Messrs. A. Funk, A. 
K. Parker, and G. W. Wallis of the Victoria 
Forest Research Laboratory for kindly review- 
ing the manuscript. 

BOYCE, J. S., JR. 1963. Colonization of pine stem sections 
by Fomes arznosus and other fungi in two slash pine 
stands. Plant Disease Reptr. 47: 320-324. 

CARTWRIGHT, K. ST. G. and FINDLAY, W. P. K. 1946. 
Decay of timber and its prevention. H.M.S.O., London. 

CHARARAS, E. 1962. Scolytides des Conifkres. Editions 
Paul Lechevalier, Paris. p. 556. 

COBB, F. W., JR. and SCHMIDT, R. A. 1964. Duration of 
susceptibility of eastern white pine stumps to Fornes 
annosus. Phytopathology, 54: 1216-1218. 

DAVIDSON, A. G. and ETHERIDGE, D. E. 1963. Infection 
of balsam fir Abies balsarnea (L.) Mill., by Stereurn 
sanglrinolentlirn (Alb. & Schw. ex Fr.) Fr. Can. J. 
Botany, 41: 759-765. 

ETHERIDGE, D. E. 1958. The effect on variations in decay 
of moisture content and rate of growth in subalpine 
spruce. Can. J. Botany, 36: 187-206. 

1962. Selective action of fungus-inhibiting prop- 
erties of balsam fir heartwood. Can. J. Botany, 40: 
1459-1462. 

1965. Factors affecting infection of balsam fir by 
Stererun sanguinolenturn. Proc. Can. Phytopathol. Soc. 
(Abstr.) 32: 12. 

ETHERIDGE, D. E. and MORIN, L. A. 1962. Wetwood 
formation in balsam fir. Can. J. Botany, 40: 1335- 
1345. 

1963. Colonization by decay fungi of living and 
dead stems of balsam fir following artificial injury. 
Can. J. Botany, 41: 1532-1534. 

1967. The microbiological condition of wood of 
living balsam fir and black spruce in Quebec. Can. J. 
Botany, 45: 1003-1010. 

GARRETT, S. D. 1960. Rhizomorph behaviour in Armil- 
Iaria mellea (Fr.) QuB1. 111. Saprophytic colonization 
of woody substances in soil. Ann. Botany (N.S.) 
24(94): 275-285. 

HWBBES, M. and ETHERIDGE, D. E. 1965. A chemical 
basis for selection of heartwood fungi in balsam fir. 
Can. J. Botany, 43: 181-183. 

HENNINGSSON, B. 1967. Interactions between micro- 
organisms found in birch and aspen pulpwood. Studia 
Forestalia Suecica, No. 53. Stockholm. p. 31. 

KAUFERT, F. 1935. Heart rot of balsam fir in the Lake 
States, with special reference to forest management. 
Agr. Expt. Sta. Univ. Minn. Tech. Bull. No. 110. 

MCCALLUM, A. W. 1928. Studies in forest pathology. I. 
Decay in balsam fir (Abies balsamea Mill.) Can. Dept. 
Agr. Bull. No. 104 (n.s.). 

MATHIESEN-KAARIK, A. 1960. Studies on the ecology, 
taxonomy, and physiology of Swedish insect-associated 
blue stain fungi, especially the genus Ceratocystis. 
Rept. Forest Res. Inst. Stockholm. p. 25. 

MICHNO-ZATORSKA, Z. 1960. Antagonism of Triclzoderma 
viride Pers. and Stereum purpureurn Pers. (English title 
and abstract). Studia Soc. Sci. Torun. Sect. D (Botan- 
ica), 4: 1-12. 

RISHBETH, J. 1951. Observations on the biology of Fomes 
annosus with particular reference to East Anglian pine 
plantations. 11. Spore production, stump infection, and 
saprophytic activity in stumps. Ann. Botany (N.S.), 
15: 1-21. 

~ o d m s ,  W. J. 1939. Growth substances in agar. Am. J. 
Botany, 26: 772-778. 

WOLPERT, F. S. 1924. Studies in the physiology of the 
fungi. XVII. The growth of certain wood-destroying 
funei in relation to the H-ion concentration of the 
me&a. Mo. Botan. Gard. Ann. 11: 43-97. 

YDE-ANDERSEN, A. 1962. Seasonal incidence of stump 
infection in Norway spruce by air-borne Forrzes ar~nosus 
spores. Forest Sci. 8: 98-103. 




