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Abstract: Abies koreana Wilson is an endemic tree species that is facing critical population declines in Korea. To identify
factors affecting the natural regeneration of A. koreana, we examined the role of seed pathogens in the overwintering sur-
vival of seeds in natural seedbeds on Mount Halla, Korea. In September 2003, seeds of A. koreana were placed on seed-
beds in the following three types of sites: Sasa dominated, shaded by rocks, or forest floor; seeds were then recovered
from beneath the snow cover in April 2004 and were analyzed for the occurrence of harmful microfungi. Racodium ther-
ryanum Thuem. was the fungus most often isolated from retrieved seeds and was also the most detrimental of the eight
fungal species tested in a pathogenicity trial. In vitro, R. therryanum caused a total loss of germination ability in A. kore-
ana seeds at 0 8C after 100 days. The infection rate of R. therryanum was negatively correlated with the seed germination
rate. The infection rate of R. therryanum was highest on the forest floor and increased with the duration of snow cover.
The occurrence of R. therryanum was temporally restricted to the period of snow cover and spatially to the thick A0 soil
layer on the forest floor. This study suggests that R. therryanum may be a significant factor inhibiting the natural regenera-
tion of A. koreana at the seed stage.

Résumé : Abies koreana Wilson est une espèce d’arbre indigène dont la population décline de façon inquiétante en Corée.
Dans le but d’identifier les facteurs qui affectent la régénération naturelle d’A. koreana, nous avons étudié le rôle des path-
ogènes qui affectent les graines dans la survie des semences après qu’elles aient passé l’hiver dans des lits de germination
naturels sur le mont Halla, en Corée. En septembre 2003, des graines d’A. koreana ont été placées sur des lits de germina-
tion dans les trois types suivants de sites : dominé par Sasa, à l’ombre de rochers ou sur le parterre forestier. Les graines
ont ensuite été récupérées sous le couvert de neige en avril 2004 et examinées pour détecter la présence de champignons
microscopiques nocifs. Racodium therryanum Thuem. est le champignon qui a été le plus souvent isolé des graines récu-
pérées et ce champignon était également le plus nuisible des huit champignons testés dans un test de pathogénicité. In vi-
tro, R. therryanum a causé la perte totale du pouvoir de germination des graines d’A. koreana après 100 jours à 0 8C. Le
taux d’infection par R. therryanum était négativement corrélé au taux de germination des graines. Le taux d’infection par
R. therryanum était le plus élevé sur le parterre forestier et augmentait avec la durée du couvert de neige. L’occurrence de
R. therryanum était restreinte dans le temps à la période durant laquelle il y avait un couvert de neige et dans l’espace à
l’épais horizon A0 du sol sur le parterre forestier. Cette étude indique que R. therryanum peut être un facteur significatif
en inhibant la régénération d’A. koreana dès le stade de la semence.

[Traduit par la Rédaction]

Introduction

Abies koreana Wilson is an endemic species in Korea.
The natural distribution of A. koreana is restricted to the
subalpine areas of Mount Halla, Mount Chiri, Mount Deo-
kyu, and Mount Kaya, Korea (Lee and Hong 1995). How-
ever, A. koreana is facing critical population declines (Kim
et al. 1998) and is a threatened species on the IUCN red list
(Baillie et al. 2004). To reverse the decline of this species
and preserve the genetic diversity, it is necessary to increase
natural regeneration from seeds; to facilitate this natural re-
generation, we need an understanding of the factors that af-
fect seed germination and initial seedling survival.

Under natural conditions, high losses of seeds are attribu-
table to a lack of seed viability and damage or consumption
by fungi, insects, and various vertebrates (Kozlowski 1971).
Lawrence and Rediske (1962) conducted a detailed appraisal
of the fate of sown Pseudotsuga menziesii (Mirb.) Franco
seeds. Pregermination losses amounted to 46%, with fungi
(20%), insects and other invertebrates (10%), rodents (8%),
and birds (3%) having the greatest impact. From the begin-
ning of seed fall until the end of germination, only 12% of
P. menziesii seeds survived, with 63% of the loss attributa-
ble to ground-feeding birds and small mammals and 25% to
other agents (Gashwiler 1967).

In this study, we focused on the effect of fungi on seed
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losses. Kurata (1949) proposed that escape from fungal da-
mage is an important factor for natural forest regeneration.
The distribution of fungal pathogens within the forest influ-
ences sites for tree regeneration. In the case of Tsuga cana-
densis (L.) Carr., seed germination in forest soil is
significantly lower than on logs, and fungal pathogens in
the soil may cause this decrease in seed viability
(O’Hanlon-Manners and Kotanen 2004).

Soil-borne fungi may cause high mortality to seeds. Some
fungi, such as Fusarium culmorum (W.G. Sm.) Sacc.,
Heterobasidiom annosum (Fr) Bref., Lirula macrospora
(R. Hartig) Darker, Rhizoctonia solani Kühn, invade Abies
spp. seeds (Mittal et al. 1990). Cheng (1989) reported that,
in Japan, the pathogenic fungus Racodium therryanum
Thuem. is an important factor inhibiting the natural regen-
eration of Picea jezoensis (Sieb. & Zucc.) Carr. by seed ger-
mination. This fungus has high activity under the snow and
is distributed in the litter layer where seed infections are
most frequent. Racodium therryanum affects the seed stage
of natural regeneration in the presence of litter and snow.
Mount Halla has the largest population of A. koreana in
Korea. Saplings occur mainly at the forest edge and are not
found on the forest floor (Koh et al. 1996). The mechanism
causing this difference in sapling distribution is unknown.
Mount Halla is covered by snow in winter, and there is an
accumulation of litter on the soil surface; thus, the risk of
damage by seed pathogens during natural regeneration might
be high at this site.

We examined the role of pathogens in the overwintering
survival of A. koreana seeds in natural seedbeds on Mount
Halla to identify factors affecting the pregermination stage.
Specifically, we investigated: (i) the occurrence of loss of
germinability caused by seed pathogens in winter, (ii) the
pathogenicity of fungi isolated from A. koreana seeds, and
(iii) the effect of seedbed type and snow-cover period on
the distribution of seed pathogens.

Materials and methods

Study site and field experiment
The study was conducted in natural A. koreana stands lo-

cated at an elevation of 1700 m on Mount Halla, Jeju Island,
Korea (33821’N, 126831’E), where the mean annual precipi-
tation is 1592 mm (Lee and Hong 1995) and the snow-cover
period lasts from mid-November until mid-April (Jeju Re-
gional Meterological Office 2005). The snow depth exceeds
1 m every year. The mean annual temperature is 4.2 8C (Lee
and Hong 1995). The stands were dominated mostly by
A. koreana and, rarely (<1%), by Taxus cuspidata Sieb. &
Zucc., and they were surrounded by a dense population of
the shrub Sasa quelpaertensis Nakai. Seedlings of A. kor-
eana were not found within the forest stands but occurred
near rocks (about 50 cm high) in the population of S. quel-
paertensis.

In our study area, three types of seedbed were recognized:
those covered with a dense population of S. quelpaertensis
(hereafter, Sasa sites), those shaded by rocks (rock side),
and those on the forest floor beneath the A. koreana canopy
(forest floor).

Five experimental sites each were selected on south-facing

and north-facing slopes (Fig. 1). Within each experimental
area, a 30 cm � 30 cm plot was set for each of the three
types of seedbed. Thus, we had a 3 � 2 design, with n = 5
for each treatment combination.

Seeds of A. koreana were collected from Mount Halla in
2001 by a seed dealer. Their viability by cutting test
(Asakawa et al. 1981) was 72.6%, and the germination rate
of 150-day stratified seeds was 48.8%. Seeds were placed in
5 cm � 5 cm nylon mesh bags with 150 seeds per bag. On
25–26 September 2003, these seed bags, containing dry and
unstratified seeds, were placed on the seedbeds, one per
plot. The seed bags were covered with plastic mesh to pre-
vent rodent predation during the winter. The first snowfall
occurred on 12 December 2003, at which time the forest
soil was still unfrozen. Seed bags were retrieved on 9–
10 April 2004. All bags were retrieved from under snow,
and snow pack varied from 10 cm to 100 cm in depth at re-
trieval time.

The temperatures at the ground–snow interface during the
snow-cover period were recorded with data loggers (Stow-
Away, Onset Computer Corporation, Bourne, Mass.). We
designated the snow-cover period as the total time during
which the temperature did not fluctuate from 0 8C.

Analysis of germination capacity
In the laboratory, the seeds from each seed bag were di-

vided into two parts for analysis of germination capacity
and seed pathogens. For analysis of germination capacity,
seeds were placed on moist filter paper at 20 8C for
50 days, and the percent germination was recorded. Visible
radicle protrusion was the criterion for germination. The
seed number for the germination test varied (0–50) because
of the restricted number of retrievable seeds in each experi-
mental plot (Table 1).

Fungal isolation and identification
For the isolation of pathogens, seeds were washed in

0.01% Tween 20 (ICN Biochemicals, Eschwege, Germany)
for 1 min. Seeds were then surface-sterilized in 70% ethanol
for 1 min, 30% hydrogen peroxide for 2 min, washed in dis-
tilled water for 1 min, and then dried on sterile filter paper.
Seeds were placed (three seeds per 9 cm Petri dish) on po-
tato dextrose agar (PDA) and incubated at 5 8C for 4 weeks
to isolate fungi adapted to low temperatures. We used 12–27
seeds for each of five replicates in the six treatment combi-
nations (seedbed slope; Table 1). The remaining seeds from
the same source (stored seeds) were stored in a refrigerator
at 5 8C to isolate fungi adapted to low temperatures. Incuba-
tion at higher temperatures would lead to the situation that
those fungi would be overgrown by mould or other fungi.
To confirm whether they were infected by pathogens, the
control seeds were treated in same manner as the experi-
mental seeds. Fungi appearing on or around seeds were iso-
lated and incubated at 20 8C on PDA.

Among the isolated fungi, we identified eight species that
showed high rates of infection using morphological charac-
teristics and (or) DNA analysis (Table 2). Racodium ther-
ryanum and Alternaria alternata (Fr.) Keissl. were
identified using morphological characteristics (Cho et al.
2005; Domsch et al. 1993), whereas Sydowia polyspora
(Bref. & Tav.) Müller, Trichoderma asperellum Samuels,
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Fig. 1. Map of the study site.

Table 1. Number of retrieved seeds Abies koreana seeds retrieved after overwintering
on Mount Halla.

S-1a S-2 S-3 S-4 S-5 N-1b N-2 N-3 N-4 N-5

Total retrieval seedsc

Sasa site 14 46 77 76 74 91 93 51 59 20
Rock side 22 23 100 89 78 86 100 97 67 72
Forest floor 65 17 34 42 81 130 125 85 100 110

Seeds for germination test
Sasa site 0 0 50 50 50 47 47 23 40 0
Rock side 0 0 50 49 49 49 46 50 40 45
Forest floor 0 0 0 0 50 47 50 50 48 50

Seeds for fungi isolation
Sasa site 14 27 26 24 23 27 27 27 27 12
Rock side 17 12 27 27 24 27 27 27 27 27
Forest floor 27 16 27 27 27 27 27 27 27 27

Note: Rock sides were sites shaded by rocks; Sasa sites were covered with a dense population
of Sasa quelpaertensis.

aS, south-facing slope.
bN, north-facing slope.
cEach experimental unit consisted of a bag containing 150 dried and unstratified seeds left to

overwinter under natural conditions.
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Arthrinium sp., an unidentified sterile fungus, Neonectria
ramulariae Wollenw., and Epacris microphylla R. Br. were
identified using the ribosomal DNA (rDNA) of representative
isolates.

Fungal DNA was extracted from a piece (about 5 mm �
5 mm � 1 mm) of isolated fungal mycelium grown on
PDA. We used Isoplant (Nippon Gene, Tokyo, Japan) fol-
lowing the manufacturer’s guidelines. Extracted DNA was
dissolved in 50 mL of TE buffer (Nippon Gene) and 1 mL
of the RNaseA. Because the internal transcribed spacer
(ITS) region of nuclear rDNA has highly conserved DNA
sequences, we used it as the amplification region. We em-
ployed universal primers for fungal ITS1-F and ITS4 (White
et al. 1990). PuRe Taq Ready-To-Go PCR Beads (Nippon
Gene, Toyama, Japan), and the GeneAmp PCR System
2400 (Perkin-Elmer, Fremont, Calif.) were used. The sam-
ples were run at an initial denaturation for 30 s at 94 8C, fol-
lowed by 40 cycles of denaturation for 1 min at 94 8C,
annealing for 1 min at 50 8C, and extension for 2 min at
72 8C for S. polyspora, Arthrinium sp., and E. microphylla.
The samples were run at an initial denaturation for 30 s at
94 8C followed by 30 cycles of denaturation for 1 min at
94 8C, annealing for 1 min at 50 8C, and extension for
2 min at 72 8C for the unidentified sterile fungus. The sam-
ples were run at an initial denaturation for 3 min at 94 8C,
followed by 35 cycles of denaturation for 1 min at 94 8C,
annealing for 1 min at 50 8C, extension for 3 min at 72 8C,
and final extension for 10 min at 72 8C for T. asperellum
and N. ramulariae. Sequencing was performed by a Biosys-
tems 3730xl DNA Analyzer (BIO MATRIX Research,
Chiba, Japan). The rDNA sequences obtained were com-
pared with data sets in GenBank (DNA Data Bank of Japan
2005) using basic local alignment search tool (BLAST) ana-
lysis.

Pathogenicity of fungi
The pathogenicity of the eight fungi was determined by

the soil over agar culture inoculation method (Watanabe
1988). Two strains of each fungus were selected from plots
whenever possible and examined. PDA cultures were pre-
pared by growing each fungus at 23 8C for 7 days. Soil that
had been seived through a 0.5–1.0 mm mesh screen and
autoclaved (peatmoss:vermiculite = 1:9, w/w) was placed
2 mm deep over PDA and watered. Seeds were placed

(50 seeds per Petri dish) (Asakawa et al. 1981) on the soil
(controls contained only soil and PDA) and incubated at
0 8C and 23 8C with five replications. Seed viability was as-
sessed with the tetrazolium test (Asakawa et al. 1981) (ex-
cept for empty seeds) after 30 and 100 days.

Data analysis
Germination rate of retrieved seeds was calculated as the

proportion of germinated seeds to total seeds. Data for the
germination rate by seedbed type was subjected to one-way
analyses of variance (ANOVA) followed by Tukey’s test.

Infection rate of retrieved seeds was calculated as the per-
centage of seeds infected by each pathogenic fungus to total
seeds within a replicate. Data for seed infection rate and loss
of germination ability were arcsine transformed and sub-
jected to two-way ANOVAs followed by Tukey’s test.

The relationship between the seed germination rate and
the infection rate was examined by correlation analysis with
Pearson’s correlation coefficient. The relationship between
snow-cover period and the infection rate was also examined
by correlation analysis with Pearson’s correlation coeffi-
cient.

Loss of germination ability was calculated as the propor-
tion of nonviable seeds to total seeds, excluding empty
seeds. For each fungus, data on loss of germination ability
attributable to infection were arcsine transformed, followed
by a nested ANOVA and Tukey’s test.

All statistical analyses were conducted using SPSS ver-
sion 9.0 J (SPSS, Chicago, Illinois).

Results

Germination rate of retrieved seeds
We collected 14–130 seeds depending on plots (Table 1).

None of the seeds had germinated. Seed germination rates at
recovery varied by seedbed type. Germination rate was sig-
nificantly lower on the forest floor than in the Sasa sites
(Fig. 2). The effect of slope direction was not analyzed be-
cause very small numbers of seeds were retrieved from
south-facing slope.

Infection rate of retrieved seeds
Isolation from retrieved seeds yielded 20 types of fungus.

No fungal growth was observed on seeds stored in the re-

Table 2. Eight fungal species in order of infection rate of Abies koreana seeds retrieved after overwintering in Mount
Halla.

Infection
rate (%) Fungus Identify Identification basis

Accession
No.

Base
pairs

Nucleotide
matches in
BLAST (%)

19.9 A Racodium therryanum Morphology
14.4 B Sydowia polyspora Morphology + ITS sequence AF013228 554 99

5.6 C Alternaria alternata Morphology
5.0 D Trichoderma asperellum Morphology + ITS sequence AJ230680 561 99
5.5 E Arthrinium sp. ITS sequence AJ279479 540 100
4.9 F Unidentified sterile fungus ITS sequence AY880947 168 98
3.8 G Neonectria ramulariae ITS sequence AJ279446 522 100
3.7 H Epacris microphylla ITS sequence AY268201 479 100

Note: The identification basis indicates how each species was identified, and the accession number indicates the best match to a known
species in a BLAST search of internal transcribed spacer (ITS) sequence data.
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frigerator. Among other species, R. therryanum, S. poly-
spora, A. alternata, T. asperellum, Arthrinium sp., an uni-
dentified sterile fungus, N. ramulariae, and E. microphylla
were isolated from retrieved seeds. Overall infection rates
of R. therryanum and S. polyspora were 19.9% and 14.4%,
respectively, whereas the other species had infection rates of
less than 5% (Table 2). Racodium therryanum had the lowest
infection rate in the Sasa sites (mean: south-facing slopes
(S), 1.5%; north-facing slopes (N), 3.9%) and the highest
rates on the forest floor (mean: S, 40.8%; N, 25.9%).
These differences were significant (Table 3; Fig. 3). In
contrast, S. polyspora, which had the second highest infec-
tion rate, was most infectious in the Sasa sites (mean: S,
27.2%; N, 30.9%) and least on the forest floor (mean: S,
7.9%; N, 1.5%). These differences were also significant
(Table 3; Fig. 3). We observed no significant difference in
infection rates between south-facing and north-facing
slopes (Table 3).

Relationship between seed infection rate and seed
germination rate

Figure 4 shows the relationship between the seed infec-
tion rate for each fungus and the seed germination rate. The
infection rate of R. therryanum showed a negative correla-
tion with seed germination rate (r = –0.648, p < 0.01). In
contrast, the infection rate of S. polyspora was positively
correlated with seed germination rate (r = 0.527, p < 0.05).
No significant correlation was found between the seed infec-
tion rate by other fungi and the seed germination rate.

Relationship between seed infection rate and snow-cover
period

Figure 5 shows the relationship between the seed infec-
tion rate by each fungus and the snow-cover period. The in-
fection rate of R. therryanum showed a positive correlation
with snow-cover period (r = 0.457, p < 0.05). In contrast,
the infection rate of S. polyspora had a negative correlation
with snow-cover period (r = –0.473, p < 0.05). No signifi-

cant correlations were observed between the infection rates
of other fungi and snow-cover period.

Pathogenicity of fungi isolated from A. koreana seeds
The loss of seed germination ability varied with patho-

genic fungi and temperature (Fig. 6). The loss of seed germi-
nation ability increased with the duration of infection, except
in the case of A. alternata. A particularly marked significant
difference occurred between the two times in losses caused
by R. therryanum, which had the highest infection rate in the
field. The mean loss at 0 8C caused by R. therryanum was

Fig. 2. Effects of seedbed type on germination rate of Abies kor-
eana seeds. Error bars are SEs. Values with different letters are
significantly different (p < 0.05).

Table 3. Results of two-way ANOVA showing the effects of
slope direction and seedbed types on the infection rate of Abies
koreana seeds by eight soil-borne fungi.

Component MS df F p

Racodium therryanum
Slope direction 271.081 1 0.928 0.345
Seedbed type 3488.910 2 5.971 0.008
Slope � seedbed type 639.035 2 1.094 0.351
Error 7012.260 24

Sydowia polyspora
Slope direction 12.160 1 0.133 0.719
Seedbed type 2798.728 2 15.301 <0.001
Slope � seedbed type 383.026 2 2.094 0.145
Error 2194.885 24

Altenaria alternata
Slope direction 20.271 1 0.251 0.621
Seedbed type 786.947 2 4.874 0.017
Slope � seedbed type 316.765 2 1.962 0.163
Error 1937.678 24

Trichoderma asperellum
Slope direction 57.242 1 0.549 0.485
Seedbed type 155.580 2 0.746 0.466
Slope � seedbed type 115.795 2 0.556 0.581
Error 2501.032 24

Arthrinium sp.
Slope direction 66.842 1 0.475 0.498
Seedbed type 28.731 2 0.102 0.903
Slope � seedbed type 118.464 2 0.421 0.661
Error 3380.430 24

Unidentified (sterile fungi)
Slope direction 65.890 1 0.581 0.453
Seedbed type 291.907 2 1.286 0.295
Slope � seedbed type 87.555 2 0.386 0.684
Error 2723.264 24

Neonectria ramulariae
Slope direction 55.108 1 0.985 0.331
Seedbed type 174.025 2 1.555 0.232
Slope � seedbed type 346.277 2 3.093 0.064
Error 1343.297 24

Epacris microphylla
Slope direction 211.099 1 2.838 0.105
Seedbed type 173.448 2 1.166 0.329
Slope � seedbed type 71.255 2 0.479 0.625
Error 1785.492 24

Note: *p < 0.05; **p < 0.01; ***p < 0.001.
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100% after 100 days in both strains. In S. polyspora, the loss of
seed germination ability was below 11%.

Discussion

Inhibition of germination by seed pathogens
The loss of seed viability in soil often represents a sub-

stantial proportion of total plant mortality (Cavers 1983).
Processes that influence seed survivorship in soil clearly
have important consequences for plant establishment
(Kozlowski 1971). Fungi play an important role in seed sur-
vivorship in soil (Crist and Friese 1993; Leishman et al.

2000; Blaney and Kotanen 2001), and many fungi inhibit
seed germination (Dinoor and Eshed 1984). The fungus
Geniculodendron pyriforme Salt attacks seeds of Picea en-
gelmannii Parry ex Engelm. and causes germination failure
in the United States (Wicklow-Howard and Skujins 1980).
In Canada, G. pyriforme has been isolated from Pinus resi-
nosa Ait. seeds that failed to germinate (Epners 1964).
Zhong and van der Kamp (1999) examined the viability of
overwintered P. engelmannii and Abies lasiocarpa (Hook.)
Nutt. seeds. Seed viability at recovery was low, and seed
pathogens appeared to cause major losses in high-elevation
forests of interior British Columbia.

Fig. 3. Infections of Abies koreana seeds by each pathogenic fungus in each slope and seedbed type. (A) Racodium therryanum; (B) Sydo-
wia polyspora; (C) Alternaria alternata; (D) Trichoderma asperellum; (E) Arthrinium sp.; (F) unidentified sterile fungus; (G) Neonectria
ramulariae; (H) Epacris microphylla (open bars, south-facing slope; shaded bars, north-facing slope) (n = 5). Error bars are SEs. Values
with different letters are significantly different (p < 0.05).
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In our study, the infection rate by R. therryanum was
highest in seeds retrieved from the field. In the in vitro
pathogenicity test, R. therryanum caused the greatest loss in
germination ability in A. koreana seeds at 0 8C after
100 days. Therefore, R. therryanum may cause the most ser-
ious disease in A. koreana seeds overwintering on Mount
Halla. This is further supported by the negative correlation
between the infection rate of R. therryanum and the seed
germination rate.

Racodium therryanum is the casual agent of snow blight
and has been considered a strong inhibitor of natural regen-

eration of conifer stands in Japan (Sakamoto and Miyamoto
2005). This pathogen infects seeds of Abies sachalinensis
(F. Schmidt.) Mast. (Hayashi and Endo 1975), P. jezoensis
(Cheng and Igarashi 1987), Picea glehnii (F. Schmidt.)
Mast. (Cheng and Igarashi 1990), and Larix kaempferi
(Lamb.) Carr. (Igarashi and Cheng 1988). In addition to
conifer seeds, R. therryanum also attacks seeds of Betula
maximowicziana Regel., resulting in a decreased germina-
tion rate (Kishida et al. 1985). Although seed rot caused by
forest pathogens was previously unknown in Korea, our
study suggests that damage by R. therryanum may be a sig-

Fig. 4. Relationship between overwintering germination and infection rates of Abies koreana seeds by each pathogenic fungus. (A) Raco-
dium therryanum; (B) Sydowia polyspora; (C) Alternaria alternata; (D) Trichoderma asperellum; (E) Arthrinium sp.; (F) unidentified sterile
fungus; (G) Neonectria ramulariae; (H) Epacris microphylla (n = 21). The number of dots indicates the number of seeds for germination
test.
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nificant inhibitory factor for the natural regeneration of
A. koreana from the seed stage.

Sydowia polyspora causes sclerophoma dieback of Pseu-
dotsuga menziesii (American Phytopathological Society.

2005) and phomopsis twig blight of juniper (Pataky 2005).
The second highest infection rate among the fungi isolated
in our study was that of S. polyspora (14.4%) (Table 2).
However, the reductions in the seed germination rate were

Fig. 5. Relationship between snow-cover period and infection of Abies koreana seeds by each pathogenic fungus. (A) Racodium therrya-
num; (B) Sydowia polyspora; (C) Alternaria alternata; (D) Trichoderma asperellum; (E) Arthrinium sp.; F) unidentified sterile fungus; (G)
Neonectria ramulariae; (H) Epacris microphylla (n = 28). The number of dots indicates the number of the sites where the snow-cover per-
iod was measured using data loggers. The snow-cover period was designated as the total time during which the temperature did not fluctuate
from 0 8C.
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low in vitro (Fig. 6). This may indicate that S. polyspora is
not an important cause of seed germination loss.

Fruit rots due to Alternaria alternata have been reported
in citrus, apple, and pear. Hemiparasitic effects of A. alter-
nata include a yellowing of jute cotyledons, chlorosis in
young apple leaves, and albinism in citrus seedlings and nu-
merous other plants (Domsch et al. 1993). In conifers, A. al-
ternata attacks the seeds of Pinus densiflora Sieb. & Zucc.
and Cryptomeria japonica (L.f.) D. Don (Watanabe 2002).
In our study, this fungus caused about a 20% loss of germi-
nation ability in A. koreana in vitro (Fig. 6).

The following fungi may not cause high losses of germi-
nation ability in A. koreana seeds in winter: T. asperellum,
Arthrinium sp., an unidentified fungus, N. ramulariae, and
E. microphylla. (The last two species were identified with
100% nucleotide matches in BLAST searches but did not
form spores.) For all of these fungi, the infection rate
was £5% (Table 2). We found that Trichoderma sp., N. ra-
mulariae, and E. microphylla had high pathogenicity at
23 8C after 100 days, but not at 0 8C. For this reason, we
suggest that these fungi may not cause high losses of germi-
nation ability in A. koreana seeds in winter.

In our study, we recovered low numbers of seeds from
150 seeds placed in each bag (Table 1). In other studies, re-
moved seeds have been consumed by seed predators, such as

ants, rodents, birds, and beetles (Vander Wall et al. 2005).
This indicates a high rate of loss and, potentially, may repre-
sent a major problem, and losses to fungi may have been
overestimated (Van Mourik et al. 2005). For understanding
of the factors that affect seed germination and initial seed-
ling survival of A. koreana, we need to investigate the initial
step of seed fate.

Relationship between fungal damage and seedbed type
In subalpine forests dominated by evergreen conifers such

as Abies, Picea, and Tsuga, tree seedlings and saplings ap-
pear on fallen logs (Kupferschmid and Bugmann 2005; Na-
kagawa et al. 2001; Narukawa and Yamamoto 2001). The
importance of fallen logs as recruitment sites for seedlings
can be explained partly by the refuge they provide from
pathogenic soil fungi (O’Hanlon-Manners and Kotanen
2004).

Cheng (1989) examined the occurrence of the seed rot
caused by R. therryanum in different forest floor types and
in the different layers of soil. Among the floor types,
R. therryanum caused fewer seed infections in moss and
Sasa-litter type floors, whereas numerous infections oc-
curred in coniferous-litter and broadleaved-litter type floors.
The author also reported that the greatest infection rate oc-
curred in the surface organic layer (A0 layer) of the soil and

Fig. 6. Loss of germination ability by Abies koreana seeds caused by each pathogenic fungus. A, Racodium therryanum; B, Sydowia poly-
spora; C, Alternaria alternata; D, Trichoderma asperellum; E, Arthrinium sp.; F, unidentified sterile fungus; G, Neonectria ramulariae; H,
Epacris microphylla; I, control. There were two strains analyzed per species (n = 5). Values with different letters are significantly different
(p < 0.05).
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that seeds can survive in mineral soil (where the A0 layer
has been removed). Disease was found to occur on all
seedbed types except decayed fallen logs, which proved to
be the only seedbed type free of R. therryanum infestation.

Zhong and van der Kamp (1999) examined seed viability
and frequency of fungal isolation for seeds overwintering in
various types of natural and disturbed forest floor seedbeds:
litter-removed forest floor, moss-removed forest floor,
mineral soil (all organic material removed), and organic
material-mixed forest floor. They showed that seed patho-
gens appear to cause a major loss of seeds and seedlings,
which may explain both the common occurrence of regen-
eration on nurse logs and the requirement of mineral soil
seed beds for adequate regeneration.

In our study, the seed germination rate at recovery varied
with the seedbed type. Germination rate was lower on the
forest floor than in Sasa sites. The infection rate by each
fungus also varied with seedbed type. In particular, the in-
fection rate by R. therryanum was higher on the forest floor
than in Sasa sites. This result suggests that the difference in
the ability to germinate in different seedbed types was af-
fected by the infection rate by R. therryanum.

Racodium therryanum was originally described by De
Thuemen (1880) on twigs of Picea abies. Later on, it was re-
described by Saccardo and Sydow (1899) and was discussed
as one of the major snow blight disease to conifer seedlings
by Sato et al. (1960). Racodium therryanum was mostly dis-
tributed on the forest floor, which accounts for the pro-
nounced loss of germination ability at these sites. Sanada et
al. (1984) reported that R. therryanum favors growth on leaves
rich in minerals (such as N, P, and Ca), which suggests that
increases in nutrients may inevitably lead to the risk of inva-
sion by R. therryanum. Cheng (1989) also showed that
R. therryanum occurs mainly in the surface organic layer (A0
layer) of the soil. On the soil surface of the forest floor in
A. koreana stands, there was an accumulation of litter, which
may generate abundant nutrients for R. therryanum. Although
more investigation is needed, this may be a likely explanation
for the lack of regeneration by A. koreana on the forest floor.

Sasa-dominated sites are unfavorable for conifer regenera-
tion (Cheng 1989). In our study, the infection rate by
R. therryanum, which can cause serious damage, was low in
Sasa sites. In contrast, the infection rate by S. polyspora,
which causes no damage, was high in Sasa sites. This sug-
gests that there may be other unknown factors inhibiting the
regeneration of A. koreana.

Because the emergence of A. koreana seedlings in the
field was observed near rocks, these were considered favor-
able sites for regeneration by A. koreana. Our results for
sites adjacent to rocks indicated characteristics intermediate
between those of the forest floor and Sasa sites. Thus, rock
sides were not the best sites for avoiding fungal damage.
There are likely other unknown factors of these sites that in-
fluence the emergence of A. koreana seedlings. More re-
search is needed.

Relationship between fungal damage and snow-cover
period

Ecological characteristics of R. therryanum have a close
relation with the existence of snow cover. The temperature
under the snow is about 0 8C, and humidity is about 100%;

these conditions are within the range for the development of
disease caused by R. therryanum (0–10 8C and 92%–100%;
Cheng 1989). Cheng (1989) also reported that seeds of
Picea jezoensis lose their viability within 4 months, due to
infestation by R. therryanum at 0 8C and saturating moisture
conditions. In most of the forested districts in Hokkaido,
Japan, the forest floor is commonly under snow cover for
more than 4 months during the winter. In such areas, P. je-
zoensis regeneration from seed seems impossible (Cheng
1989). For seeds of Abies sachalinensis, one of the most im-
portant factors inhibiting germination is an attack by R. ther-
ryanum under snow cover, and the activity of this fungus is
accelerated in unfrozen soils of natural stands (Hayashi and
Endo 1975). Hence, attacks by R. therryanum under field
conditions usually occur beneath the snow.

Our study also showed that the infection rate of R. ther-
ryanum was negatively correlated with the germination rate.
The infection rate increased with the duration of the snow-
cover period. Furthermore, the pathogenicity of R. therrya-
num was very strong at 0 8C after 100 days (which is con-
cordant with observations of Cho et al. (2005) that R.
therryanum is vigorous at 0 8C). In our study, the snow-
cover period was 64–131 days (mean 98 days). This condi-
tion is suitable for the pathogen. This duration of snow
cover likely promotes fungal damage to A. koreana seeds.

Forest management for natural regeneration of
A. koreana

In Hokkaido, where damage caused by R. therryanum is a
serious issue, removal of the A0 layer with raker-equipped
bulldozers has been undertaken as a method of controlling
the disease and promoting the natural regeneration of conifer
seedlings (Hayashi and Endo 1975; Cheng et al. 1990).
Cheng and Igarashi (1990) performed seed treatment (with
tetramethylthiuram disulfide, TMTD) tests on naturally in-
fested forest floors in winter. The germination rate of treated
seeds was 51%, whereas no germination was observed in
untreated seeds. A combination of seed treatment and sani-
tizing the soil with pentachloronitrobenzene (PCNB,
20 g�m–2) was also effective (Hayashi and Endo 1975).

Because A. koreana stands are very dense (1560 trees�ha–1),
removing the A0 layer is almost impossible. Therefore,
seed treatment by chemical fungicides is required. How-
ever, forest-management procedures, including fungicide
treatment, must be planned carefully. Although further stu-
dies will be needed to find a method for avoiding fungal
damage, the results of our study provide a basis for eluci-
dating the natural regeneration mechanism of A. koreana.
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