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Abstract 
Seedling establishment on fallen logs is a major regeneration system for tree species in boreal fo-
rests. Seedling survival on fallen logs is affected not only by the microsite environment but also by 
the genetic factors of individuals. To quantify the genetic effects on seedling longevity, we identi-
fied seedlings using a number tag system and collected needles of Picea jezoensis and Abies sacha-
linensis established on fallen logs in spring 2006. Survival or death of each seedling was investi-
gated during 2006-2012. We genotyped seedlings with microsatellite markers and calculated in-
dividual-based multilocus heterozygosity (MLH) for each seedling. A Cox proportional hazards 
model was applied to evaluate the effects of MLH on seedling longevity of the two species consi-
dering the fallen log conditions. The model indicated that MLH positively affected seedling longev-
ity in P. jezoensis, whereas the effects of MLH were not significant in A. sachalinensis. Here, we dis-
cuss differences in the effects of MLH on seedling longevity between the two species, considering 
species characteristics and MLH frequency distribution. 
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1. Introduction 
Tree regeneration on fallen logs is common in boreal forests. Fallen logs provide safe sites for tree seedlings 
because competition with understory herbs is greatly reduced (Harmon & Franklin, 1989) and few pathogenic 
fungi can infect tree seedlings on fallen logs (O’Hanlon-Manners & Kotanen, 2004). Well-decomposed fallen 
logs with moss cover show reduced evaporation and contain water-soluble nutrients (Takahashi et al., 2000). 
However, seedling densities differ markedly among fallen logs, and not all fallen logs provide safe sites (Taka-
hashi et al., 2000; Narukawa et al., 2003; Iijima & Shibuya, 2010). In addition to the fallen log conditions, ge-
netic factors of each seedling may also impact tree recruitment success. Experimental studies have revealed that 
selfed and/or inbred progeny suffer from low viability and survivorship (Husband & Schemske, 1996; Kado-
matsu et al., 1997; Hirao, 2010). Parentage analyses of naturally established seedlings have revealed that the 
proportion of selfed individuals decreases from the seedling stage to the sapling stage (Naito et al., 2005; Isagi et 
al., 2007). However, the relative importance of genetic effects and site conditions on seedling longevity has not 
been evaluated in a natural forest. 

Due to their highly polymorphic, co-dominant nature and neutrality, microsatellite markers are useful for de-
tecting heterozygosity-fitness correlations (HFCs) (Hansson et al., 1996; Keller & Waller, 1996; Chapman et al., 
2009; Forstmeier et al., 2012). Previous animal studies have demonstrated that heterozygous individuals grow, 
survive, and reproduce better than homozygous individuals (Chapman et al., 2009). Hansson et al. (1996) indi-
cated that individual-based multilocus heterozygosity (MLH) was higher in recruited great reed warblers (Acro-
cephalus arundinaceus) than in their non-recruited siblings. In contrast to animals, HFCs have rarely been ex-
amined in plants. As an exception, Collevatti and Hay (2011) found that MLH of survived individuals at 23 
years was significantly higher than that of dead individuals in the neotropical tree, Caryocar brasiliense, based 
on 10 microsatellite marker genotypes. However, the effects of MLH on seedling survivorship patterns were not 
described in their study.  

Picea jezoensis Carr. (Yezo spruce) and Abies sachalinensis Masters (Todo fir) are two major coniferous spe-
cies in the mixed forests of Hokkaido, northern Japan (Takahashi et al., 2000; Narukawa et al., 2003). Studies 
have revealed that survival of P. jezoensis and A. sachalinensis seedlings is affected significantly by fallen log 
conditions, which include the hardness of the log surface (Narukawa et al., 2003; Iijima et al., 2007), moss cov-
erage and/or moss height (Takahashi et al., 2000; Iijima et al., 2007; Iijima & Shibuya, 2010), and light condi-
tions (Iijima & Shibuya, 2010). A microsatellite analysis revealed that P. jezoensis predominantly outcrosses 
(Tomita et al., 2008). An artificial crossing experiment with A. sachalinensis indicated that selfed progenies 
suffered from low height growth and survival at the early demographic stage (Kadomatsu et al., 1997). Thus, 
these two species have a common mating system and show inbreeding depression similar to other conifers 
(Husband & Schemske, 1996). However, the effects of genetic factors on seedling survival of these species have 
not been investigated. 

In the present study, we evaluated the effects of MLH on the longevity of P. jezoensis and A. sachalinensis 
seedlings established on fallen logs, simultaneously considering the establishment site conditions. Subsequently, 
we discussed the importance of genetic and environmental factors for seedling longevity of each species. 

2. Materials and Methods 
2.1. Study Site  
The study site was located in the Iwanazawa Forest Reserve, University of Tokyo Hokkaido Forest (UTHF), the 
University of Tokyo, central Hokkaido, Japan (43˚13'N, 142˚34'E). We established a 200 × 250 m (5 ha) study 
plot (Figure 1). We measured the diameter at breast height (d.b.h.) of all living trees within the 5 ha plot be-
tween 2003 and 2005. We identified 123 P. jezoensis and 170 A. sachalinensis mature trees (d.b.h. > 20 cm). 
The locations of the trees were identified using a digital compass (LaserAce 300, TimberTech), and their needle 
leaf tissues were collected for DNA analysis. 

We surveyed the forest floor of a 4.29-ha study site located east of the stream in May 2006 and identified 112 
fallen logs whose diameters at the bottom end were >20 cm (Figure 1). We defined individuals with <30 cm 
height on fallen logs as seedlings. Seedlings of both species established on 108 of 112 fallen logs were assigned 
a number tag, and ages were determined using a bud scale vestige in 2006. At that time, the heights of 211 and  



M. Okada et al. 
 

 
424 

 
Figure 1. The locations of fallen logs, seedlings, and saplings within the study plot: a) Pi-
cea jezoensis and b) Abies sachalinensis. The gray solid line indicates a creek. Large 
represent the locations of mature trees. Small crosses on the fallen logs represent seedlings. 
The width of the fallen logs corresponds to the log diameter.                                                              

 
269 seedlings of P. jezoensis and A. sachalinensis were measured, respectively (Table 1). The location of the 
seedlings was determined using a digital compass (Laser Ace 300, Timber Tech; Figure 1). After identifying the 
seedlings, we monitored their survival or death in the fall of 2006, 2007, 2009, 2010, 2011, and 2012. Seedling 
longevity was calculated by adding the age in 2006 to the survived years during the investigation period. If the 
seedlings were alive in the fall of 2012 (the last census), the longevity of the seedlings was treated as censoring 
status one for the statistical analysis. We collected needle tissues from half of all P. jezoensis seedlings and 
stored them in plastic bags with silica gel under dry condition at room temperature. Needle tissues of A. sacha-
linensis were previously collected by Lian et al. (2008). 

2.2. Fallen log Conditions 
Fallen log conditions, such as hardness of the fallen log surface, moss coverage, dwarf bamboo coverage on fal-
len logs, and moss height of 108 fallen logs, were measured in the fall of 2009. Hardness was measured at five 
randomly selected sites within each fallen log using a Yamanaka-type soil penetrometer (No. 48915, Takemura 
Electric Works). Hardness was quantified as the penetration resistance value (kg/cm2). The moss coverage (%) 
and dwarf bamboo shadow (%), which is a proportion of the surface area of fallen logs covered by dwarf bam-
boo, were visually assessed in 5% increments in five randomly selected quadrates. Moss height was also meas-
ured at these sites for each fallen log. The averages of these values were used as the site condition variables for 
each fallen log. 

2.3. Microsatellite Analysis 
DNA was extracted from the dried needles of 211 seedlings and 123 mature trees of P. jezoensis using the 
DNeasy Plant Mini Kit (Qiagen). Eleven microsatellite loci were used for analyzing P. jezoensis: SpAGC1, 
SpAGD1, and SpAGG3, developed by Pfeiffer et al. (1997); PaGB3 and PgGB5, developed by Besnard et al. 
(2003); EATC1E03 and EATC2G05, developed by Scotti et al. (2002); and four primer pairs (pj04, pj08, pj22, 
and pj24), developed in the present study (Table 2). 

Amplification by Polymerase chain reaction (PCR) was conducted using the Multiplex PCR Kit (Qiagen) and 
the GeneAmp PCR System 9700 (Applied Biosystems) following the manufacturers’ protocols. The size of the 
PCR products was determined using the ABI 3130 Genetic Analyzer and GeneMapper Software ver. 4.0 (Ap-
plied Biosystems). 

We used published data sets to genotype 170 mature A. sachalinensis trees and 269 seedlings with seven mi-
crosatellite markers (Lian et al., 2008). 
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Table 1. Number of seedlings (n) and mean initial height with standard deviation (std) in parenthesis for each age.         

Age 
Abies sachaliensis Picea jezoensis 

n Mean (std) n Mean (std) 

1 42 1.25 (0.35) 19 2.42 (0.86) 

2 89 1.86 (1.16) 124 3.41 (1.05) 

3 29 2.97 (0.94) 83 4.44 (1.14) 

4 17 4.86 (1.39) 13 5.35 (1.75) 

5 12 5.93 (2.33) 7 6.91 (2.67) 

6 3 7.90 (2.30) 7 11.40 (3.81) 

7 6 10.27 (5.50) 1 20.30 

8 3 20.47 (3.60) 7 16.63 (5.37) 

9 5 18.78 (5.98) 2 20.35 (5.15) 

10 2 17.85 (1.35) 2 22.05 (4.55) 

11 1 10.20 0 - 

12 1 15.20 1 26.20 

13 1 26.60 3 26.23 

Total 211  269  

 
Table 2. Microsatellite primer pairs developed for Picea jezoensis in this study.                                      

Primer name Sequence (5’-3’) Size (bp) 

pj08 
F: GGCACACTAGTTTATTCCTAC 

132 - 256 
R: ACAAGGGGAGTTATCTATGTG 

pj04 
F: TCAACAGGTAGATGGGCAACA 

156 - 289 
R: GAAAGTGGCCTTTATACATAACG 

pj22 
F: TCATCTCCATGGATAAAAGTG 

170 - 201 
R: AGGTCTTGAAGTATGGCCATG 

pj24 
 

F: CATTTTGCAATGTCAATGGCA 
130 - 232 

R: ACATTGCGTTGAATATGTTGAGTG 

2.4. Statistical Analysis 
MLH, which we calculated as the number of heterozygous loci divided by the total number of loci, was used as 
a simple measurement of individual heterozygosity (Hansson et al., 1996; Collevatti & Hay, 2011; Forstmeier et 
al., 2012). We calculated MLH for 211 seedlings and 123 mature trees of P. jezoensis and for 269 seedlings and 
170 mature trees of A. sachalinensis. We analyzed the effects of MLH and site conditions on seedling longevity 
using the Cox proportional hazards model for each species. Here the dependent variable is the hazard function, 
which describes how the hazard (e.g., risk or seedling mortality) changes over time, and the effect parameter 
describes how the hazard relates to different explanatory variables. We used the following model: 
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( ) ( ) { }0 1 1 2 2 1 1 3 3 4 4 5 5 6 6H H exp β X β X β X β X β X β X β Xt t= × + + + + + +  

where, H(t) denotes the hazard function at time t, H0(t) corresponds to the baseline hazard, and β is the expected 
change in the log-relative hazard for a unit change in initial height (X1), MLH (X2), moss coverage (X3), fallen 
log hardness (X4), moss height (X5), and dwarf bamboo shadow (X6). We used the full model derived from six 
dependent variables using the coxph function in the R survival package (R Development Core Team, 2012). 
Subsequently, we selected variables for the best model based on AIC criterion. 

3. Results 
3.1. MLH Frequency Distribution 
The heterozygosity frequency distribution of seedlings (≤2 years old) was different between P. jezoensis and A. 
sachalinensis (Figure 2). P. jezoensis exhibited a normal distribution peaking at 0.5 - 0.6, whereas A. sachali-
nensis displayed a sigmoid distribution peaking at 0.8 - 0.9. Individuals with low heterozygosity (MLH ≤ 0.4) 
decreased from ≤2-year-old seedlings to ≥3-year-old seedlings in both species. MLH frequency distributions for 
mature trees were similar to those for seedlings (≥3 years old) for both species. However, the proportion of indi-
viduals with low heterozygosity (MLH ≤ 0.4) decreased from seedlings (≥3 years old) to mature trees.  

3.2. Seedling Survival of P. jezoensis and A. sachalinensis 
Cox proportional hazards regression analyses of seedling longevity were conducted using six variables for P. 
jezoensis and A. sachalinensis. Initial height, MLH, log hardness, and moss coverage were selected as variables 
for the best model P. jezoensis, whereas initial height, log hardness, and moss height were selected in A. sacha- 

 

 
Figure 2. The frequency distribution of multilocus heterozygosity 
(MLH) of ≤2-year-old seedlings, ≥3-year-old seedlings, and ma-
ture trees in P. jezoensis and A. sachalinensis.                  
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linensis; however, MLH was not selected in A. sachalinensis (Table 3). Subsequently, Cox proportional hazards 
regression analyses using only the selected variables was conducted. The temporal patterns of seedling survival 
estimated by the selected model are shown in Figure 3. Confidence intervals (CIs) were larger after 10 years 
due to the limited data. Patterns of seedling survivorship for the two species were similar, but the temporal risk 
was higher in P. jezoensis for the same year. The estimated survival rate at 5 years was 0.492 (95% CI, 0.423 - 
0.572) in P. jezoensis and 0.671 (95% CI, 0.615 - 0.731) in A. sachalinensis. The estimated survival rate at 10 
years was 0.158 (95% CI, 0.108 - 0.231) in P. jezoensis and 0.259 (95% CI, 0.204 - 0.327) in A. sachalinensis.  

3.3. Effects of Initial Height, MLH, and Site Conditions on Seedling Longevity  
Initial height markedly affected seedling longevity of both species (Table 3). The estimated survival rates at 5 
years for short (5 cm) and tall (15 cm) P. jezoensis seedlings were 0.586 and 0.944, respectively; those for short 
and tall A. sachalinensis seedlings were 0.668 and 0.932, respectively. MLH also largely affected P. jezoensis 
seedling longevity and their estimated survival rates after 5 years for low (0.2) and high (0.8) MLH were 0.344 
and 0.568, respectively. In contrast, the effects of log hardness on A. sachalinensis seedling longevity were 
small. The estimated survival rates at 5 years for soft fallen logs (5 kg/cm2) and hard fallen logs (15 kg/cm2) 
were 0.627 and 0.721, respectively (Figure 4). 

4. Discussion 
MLH frequency distributions were compared among ≤2-year-old seedlings, ≥3-year-old seedlings, and mature 
trees (Figure 2). For both species, MLH distributions of ≥3-year-old seedlings and mature trees shifted higher  

 

 
Figure 3. The frequency distribution of multilocus heterozygosity (MLH) of 
≤2-year-old seedlings, ≥3-year-old seedlings, and mature trees in P. jezoensis 
and A. sachalinensis. Solid lines indicate the estimated survival functions for 
the Cox regression of time to seedling death. Dashed lines represent the 95% 
confidence intervals.                                                

 
Table 3. Cox proportional harzards regression analyses of Picea jezoensis and Abies sachalinensis seedling survival. Be-
cause the dependent variable in the model is a hazard rate, negative β coefficients indicate that a factor has a positive effect 
(1-βexp) on seedling survival.                                                                              

Species Variables β β exp p 

Picea jezoensis Initial Height −0.222 0.801 *** 

 MLH −1.056 0.348 * 

 Log Hardness 0.016 1.016 ns 

 Moss Coverage −0.007 0.993 ns 

Abies sachalinensis Initial Height −0.174 0.840 *** 

 Log Hardness −0.035 0.965 *** 

 Moss Height 0.026 1.026 ns 

ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 4. Estimated seedling survival functions for the Cox regression of time to seedling 
death for two situations of each variable: (a) Initial height of Picea jezoensis, short (5 cm) and 
tall (15 cm); (b) Initial height of Abies sachalinensis, short (5 cm) and tall (15 cm); (c) Multi-
locus heterozygosity (MLH) of P. jezoensis, low (0.2) and high (0.8); (d) Log hardness for A. 
sachalinensis, soft log surface (5 kg/m2) and hard log surface (15 kg/m2).                   

 
than those of ≤2-year-old seedlings. These shifts were interpreted as purging seedlings with low MLH at the 
early demographic stage. These trends are consistent with previous studies related to inbreeding depression 
(Keller & Waller, 1996; Husband & Schemske, 1996). At the population level, FIS often decreases from the 
seedling stage to the mature tree stage (Hufford & Hamrick, 2003; Lian et al., 2008). For example, selfed or in-
bred progenies tend to be eliminated during the early demographic stages (Karkkainen et al., 1996; Kadomatsu 
et al., 1997; Isagi et al., 2007; Naito et al., 2005). Selection of inbred individuals eventually affects genetic vari-
ation within the population as FIS often decreases from the seedling stage to the mature tree stage (Hufford & 
Hamrick, 2003; Lian et al., 2008).  

Statistical modeling enabled us to evaluate the effects of initial height, MLH, and site conditions on seedling 
longevity for the two species. Initial height was selected as a significantly positive variable for both species 
(Table 3). This trend is reasonable because tall seedlings tend to survive longer than the short seedlings (Table 
1). However, the effects of initial height were slightly larger in P. jezoensis than in A. sachalinensis (Table 1). 
This difference was caused by a difference in seed and seedling size. Seeds of P. jezoensis are small (approx-
imately 2.4 mg), whereas those of A. sachalinensis are relatively large (approximately 9.8 mg) (ASakawa et al., 
1981). The mean heights of 1-year-old seedlings of P. jezoensis and A. sachalinensis were 1.25 cm and 2.42 cm, 
respectively (Table 1). Therefore, initial height may affect longevity more in P. jezoensis than in A. sachalinen-
sis. 

MLH, not fallen log conditions, significantly affected P. jezoensis seedling longevity (Table 2). The model 
indicated that relatively heterozygous individuals lived longer than homozygous individuals (Figure 4(c)). This 
finding was consistent with previous studies in animals and birds (Hansson et al., 1996; Chapman et al., 2009; 
Hoffman et al., 2014) and with a study in plants (Collevatti & Hay, 2011). However, offspring survivorship was 
not quantitatively estimated in those studies. As per our knowledge, the present study is the first to quantify the 
effects of MLH on seedling longevity in forest trees.  

Figure 4(c) suggests that seedlings with high MLH (≥0.8) survived a long time. The survival rates of seedl-
ings at 10 years with MLH = 0.2 and MLH = 0.8 were 6.2% and 22.9%, respectively. If this survivorship pattern 
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continued to the mature tree stage, MLH of most mature trees must be >0.8. Nevertheless, MLH frequency dis-
tribution for mature trees was similar to that for seedlings (≥3 years old) (Figure 2). This discrepancy suggests 
that extending our model to the mature tree stage would be difficult. Our model is constructed with data from 
established seedlings on fallen logs. Therefore, the initial recruitment process on a fallen log is described by this 
model. However, the processes from seedlings to juveniles and mature trees must be influenced by other factors, 
such as height of the fallen log surface from the ground. 

No effect of MLH on seedling survival was detected for A. sachalinensis, although this species shows severe 
inbreeding depression (Kadomatsu et al., 1997). One possible explanation is that inbreeding depression is neg-
ligible in this population. Ubukata et al. (2000) conducted a crossing experiment with A. sachalinensis and 
found that selfed progenies suffer from low height growth. However, they detected three progenies derived from 
two populations in a 10-year-old stand that did not exhibit significant inbreeding depression for height growth. 
Karkkainen et al. (1996) also indicated that the extent of inbreeding depression varies among populations of Pi-
nus sylvestris.  

Another possible explanation is that inbreeding depression occurred, but the effects of MLH could not be de-
tected in this study due to marker characteristics. Although MLH frequency distribution in P. jezoensis was 
normal with a peak of 0.5 - 0.6, MLH frequency distribution in A. sachalinensis was biased with a peak of 0.8 - 
0.9. Figure 2 shows that homozygous young A. sachalinensis seedlings seemed to be eliminated. Hoffman et al. 
(2014) suggested that MLH calculated on the basis of approximately 10 microsatellite markers represents a tiny 
fraction of the genome and that high-throughput DNA sequencing enables to detect an accurate relationship be-
tween MLH and fitness. Thus, further analysis of other populations or other marker systems should be examined 
to clarify which explanation is true. 

5. Conclusion 
We evaluated the effects of MLH on P. jezoensis and A. sachalinensis seedling longevity, considering initial 
seedling height and fallen log conditions. The Cox proportional hazards model enabled us to evaluate the effects 
of initial height, MLH, and fallen log conditions on P. jezoensis and A. sachalinensis seedling longevity. The 
model indicated that initial seedling height positively affected seedling longevity in both species, i.e., tall seedl-
ings survived longer than short seedlings. We also found that MLH largely affected P. jezoensis seedling lon-
gevity, whereas it did not affect A. sachalinensis seedling longevity. The effects of fallen log conditions detected 
in A. sachalinensis were relatively small compared with the effects of initial height in the two species and the 
effects of MLH in P. jezoensis. 
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