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Abstract
Many reports on the effects of conventional salvage logging—the removal of fallen and damaged trees after a catastrophic 
windthrow—on subsequent forest restoration have focused on short-term results occurring over less than 20 years; however, 
this time scale is inadequate, especially for boreal forests, because of the time required for tree growth. Here, we examine 
the long-term effects of salvage logging after a catastrophic windthrow event in 1954 on the resilience of a boreal forest by 
assessing the continuous recruitment of coniferous trees, dominance of typical coniferous tree species, and potential for future 
recruitment. We targeted two regions with different proportions of coniferous trees that were subject to three disturbance 
and management histories: windthrow (WT: fallen trees left intact), windthrow and salvage (WT+SL: salvage logged after 
the windthrow), and old growth (OG: not affected by the windthrow). In both regions, past salvaging has had serious nega-
tive impacts on the continuous recruitment of coniferous trees and potential for future recruitment. Negative impacts on the 
dominance of typical coniferous tree species were only observed in mixed forests. Our results suggest that in comparison to 
the coniferous forest, the mixed forest was less resilient, i.e.; the capability of a forest to maintain its identity as assessed by 
the dominance and recruitment of typical conifer species after wind disturbance and salvage logging. We found that salvage 
logging could affect forest structure, even 60 years later, by destroying advanced growth, including potential mother trees, 
and nursery beds for seedlings of typical conifer tree species.
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Introduction

Boreal forest is a circumpolar biome of cold-tolerant conifer-
ous and deciduous tree species that covers over 14.7 million 
km2 or 11% of the terrestrial surface of the Earth (Bonan and 
Shugart 1989). The major genera of conifers include Picea, 
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Abies, Larix, and Pinus, depending on the soil moisture and 
the specific region. Windthrow is a common natural distur-
bance in boreal forests in Northern Europe, North America, 
and East Asia (Schelhaas et al. 2003; Kamimura and Shirai-
shi 2007; D’Amato et al. 2017), and the threat of such events 
is increasing as a result of climate change (IPCC Working 
Group I Technical Support Unit 2013). Salvage logging, that 
is, the removal of dead or damaged trees to compensate for 
economic value that would otherwise be lost due to such 
events, has been the typical response following catastrophic 
windthrow events in regions where timber production is a 
priority (see Table 1.2 in Lindenmayer et al. 2008). How-
ever, evaluations of forest resilience, i.e., the ability of a 
forest to maintain its identity (Cumming et al. 2005) in the 
face of wind disturbance and salvage logging, based on long-
term observations are especially necessary for boreal forests 
because of the dominance of slow-growing conifer species.

Many studies have investigated the effects of salvage log-
ging on forest restoration and biodiversity worldwide (Royo 
et al. 2016; Thorn et al. 2018) based on field measurements 
covering a few years to two decades after salvage operations 
following windthrow events. Pioneer tree species dominate 
within a few years after the completion of salvage logging 
(Elliott et al. 2002; Rumbaitis del Rio 2006; Ilisson et al. 
2007), whereas the dominance of these species decreases by 
approximately eight years after salvage (Royo et al. 2016), 
with mid- and late-successional tree species dominating 
10–20 years later (Bottero et al. 2013; Kramer et al. 2014). 
However, no studies have reported complete forest recovery 
to the original species composition within 25 years (Lang 
et al. 2009).

Indeed, there is a considerable lack of studies of the 
long-term (over 25 years) effects of salvage logging on for-
est structure and species composition (Lang et al. 2009). A 
rare case study by Mabry and Korsgren (1998) found that the 
species composition of a temperate mixed forest recovered 
within 53 years after salvage following a windthrow event, 
but no comparable study has been conducted on boreal for-
ests, which have a limited growing season (Bonan and Shu-
gart 1989). The long-term effects (60 years) of windthrow on 
the boreal forest in Japan have been investigated by Kosugi 
et al. (2016), who suggest that the successional composi-
tion of tree species during the recovery process depends on 
the pre-disturbance stand conditions. In addition, they found 
that the forests were still in the stem-exclusion stage, during 
which younger stems cannot establish due to light limitation 
from crown closure, and thus, species that vary in terms of 
light tolerance and growth rate compete against each other 
(Oliver 1980-1981).

In 1954, Typhoon No. 15, named Marie, caused tremen-
dous damage, especially in northern Japan where it impacted 
651,844 ha of forests (Scientific investigation group of the 
wind-damaged forests in Hokkaido 1959). Most fallen 

trees were salvage logged over many years following the 
catastrophic windthrow; however, some reserves were left, 
including fallen trees in several regions for scientific inves-
tigation. In this study, we examined the long-term effects 
of salvage logging after this catastrophic windthrow on the 
resilience of boreal forests using permanent research plots in 
reserves. We targeted two regions with different proportions 
of conifer species to analyze resilience from the perspective 
of the continuous recruitment of coniferous trees, the domi-
nance of typical coniferous tree species, and the potential for 
their future recruitment.

Methods

Typhoon event

In 1954, the violent storm Typhoon No. 15 (Marie, Toy-
amaru) caused serious damage, especially in Hokkaido 
in northern Japan. The volume of fallen trees and the 
windthrow area in Hokkaido were 21.1 × 106  m3 and 
651,844 ha, respectively (Scientific investigation group of 
the wind-damaged forests in Hokkaido 1959). In most of the 
damaged forests, salvage logging was conducted for several 
years using chain saws, extraction with horses and skidders, 
and transportation of the logs in trucks (Editorial Board 
for the 50-year Anniversary of Forest Restoration from the 
Toyamaru Typhoon 2005). After Typhoon No. 15, another 
major wind disturbance, Typhoon No. 18 (Songda), occurred 
in 2004, disturbing 36,956 ha of forested area in Hokkaido 
(Hokkaido Branch of Forestry and Forest Products Research 
Institute 2004). Of the total windthrow area, 30% was con-
centrated in two adjacent cities: Chitose City and Tomako-
mai City (Tsushima and Saitoh 2003).

Study area

Boreal forests in Hokkaido are generally dominated by A. 
sachalinensis (F.Schmidt) Mast. and P. jezoensis Carr. and 
characterized by a dense undergrowth of dwarf bamboo 
(Sasa spp.) (Kira 1991). The dominance of these conifer 
species and other broad-leaved deciduous species largely 
depends on elevation. In lowland Hokkaido, broad-leaved 
species such as Quercus crispula Blume, Tilia, Acer and 
Ulmus are distributed with A. sachalinensis (Kira 1991); A. 
sachalinensis and P. jezoensis become dominant at higher 
elevations or in areas where the warmth index (WI) < 5 (Kira 
1991). Therefore, variation in the dominance of conifer spe-
cies is a characteristic feature of boreal forests in Hokkaido 
(Ishizuka and Sugawara 1986).

We targeted two regions in Hokkaido, Japan: Shikotsu 
(42.7N 141.3E, elevation 270–330 m, with an annual mean 
temperature of 6.7 °C and annual precipitation of 1766 mm 
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at the Shikotsukohan meteorological station located 6 km 
from the reserve area) and Tokachi-Taisetsu (43.5N 143.1E, 
elevation 690–987 m, with an annual mean temperature of 
3.7 °C, annual precipitation of 1315 mm, and annual snow-
fall of 103 cm at the Nukabira meteorological station located 
19 km from the reserve area) (Fig. 1).

Shikotsu is a boreal mixed forest dominated by P. jezoen-
sis, A. sachalinensis, Tilia japonica (Miq.) Simonk., and 
Acer amoenum Carrière var. matsumurae (Koidz.) K. 
Ogata, and the soil is volcanic in origin and immature. This 
region has been conserved as a national park since 1949, 
prior to which it had been protected as the emperor’s for-
est since 1889 and has, thus, been protected from cutting 
for more than 60 years. However, the typhoon in 1954 
removed 85% of the standing trees (diameter at breast height 
[DBH] ≥ 5 cm) and 94% of the basal area (BA), representing 
a stand-replacing event (Kosugi et al. 2016), and except for 
those in the reserve area, most of the damaged trees were 
salvaged.

Tokachi-Taisetsu is a boreal coniferous forest dominated 
by P. jezoensis, A. sachalinensis, and Picea glehnii Masters, 
and the soil is volcanic in origin and immature. This region 

was a primary forest until the 1954 typhoon, after which 
the damage in terms of volume was estimated at 80–89% 
(Ishibashi et al. 2018), representing a stand-replacing event. 
The fallen trees in the Tokachi-Taisetsu region accounted for 
695,000 m3, and except in the reserve area, more than 80% 
of them were logged in the subsequent 5 years, which led to 
economic activation of the region (Obihiro-City et al. 1987).

Quadrat setting

In both regions, a large quadrat of 0.5 ha (50 × 100 m) was 
established in each reserve area in 1956, after which no sal-
vage logging was performed. The species name was recorded 
for both standing and fallen trees with DBH ≥ 5 cm, and the 
DBH of standing trees was measured with an accuracy of 
within 2 cm (Kosugi et al. 2016; Ishibashi et al. 2018). These 
data were published, but the quadrats remained for further 
investigation. Thus, we decided to take full advantage and 
defined them as “windthrow” (WT: fallen trees left intact).

To select sites that have not experienced disturbances 
other than Typhoon No. 15 (Marie, Toyamaru) and subse-
quent salvage logging and sites that have not experienced 

Fig. 1   Locations of the study area and quadrats
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any major typhoons and any forest management, we 
reviewed aerial photographs taken before (1944–1948) and 
after the typhoon (in 1955 and 1962) in the two regions 
along with management histories by the Forestry Agency 
of the Japanese Government and a map of the forest gaps 
created by the typhoon (Tamate et al. 1977). We were able 
to avoid selecting stands affected by Typhoon No. 18 in 2004 
(Songda) and by any artificial disturbances, such as cutting 
and thinning, as based on the recorded management his-
tory. We carefully selected several candidate sites for the 
“windthrow and salvage” (WT+SL: salvage logged after the 
windthrow of 1954) and “old growth” (OG: not affected by 
Typhoon No. 15 in 1954 and Typhoon No. 18 in 2004) cat-
egories, so that they would be representative of the regions.

To narrow down the sites for investigation, we visited 
several candidates in June 2017 with foresters of the Hok-
kaido Forest Bureau and confirmed the height and DBH of 
the dominant species, tree density, state of decay of fallen 
trees, and accessibility. To avoid bias due to the physical 
environment, including the slope angle and elevation among 
quadrats, we selected stands with a gentle slope ( < 10°) and 
minimal difference in elevation ( < 300 m). Regarding the 
Shikotsu region, we targeted the area with sparse Sasa spe-
cies in the southeastern part of lake Shikotsu (Hokkaido 
Branch of Forestry and Forest Products Research Institute 
1983) (Supplementary Material 1).

In the two regions, we defined three disturbance histories, 
i.e., WT, WT+SL, and OG (Fig. 1), and each included a 0.5-
ha (50 × 100 m) quadrat. The WT quadrat was established 
in the reserve area in 1956, two years after the windthrow. 
The WT+SL and OG quadrats were established in 2017 
as near to the WT quadrat as possible, with the goal that 
the site conditions be consistent with those in the WT. The 
OG quadrat that was established inside the study sites for 
long-term monitoring was not affected by Typhoon No. 15 
(Nishimura et al. 2009). The distances between the WT+SL 
and WT quadrats were 5.4 km in Shikotsu and 2 km in 
Tokachi-Taisetsu. As it was difficult to locate the OG quad-
rats near the WT quadrats because the surrounding areas had 
been severely damaged by the windthrow and salvaging, the 
distances between the WT and OG quadrats were 7.5 km in 
Shikotsu and 15 km in Tokachi-Taisetsu.

Field measurement and analysis

In the WT, WT+SL and OG quadrats, trees with a 
DBH ≥ 5 cm were identified (without shrub and vine spe-
cies), and DBH was measured with an accuracy of within 
0.1 cm in September 2017 (Supplementary Material 1). Tree 
height was selectively measured for at least eight (if pre-
sent) A. sachalinensis and P. jezoensis individuals in each 
quadrat. The diameter and decay class of the fallen logs 
(> 7.6 cm) of both of conifer and broad-leaved tree species 

crossing the four lines in a quadrat (Fig. 1) were measured. 
Dead fallen logs were classified into five decay classes from 
I (least decayed) to V (most decayed) based on Graham 
and Cromack (1982). Wood in decay classes IV, with well-
decayed sapwood (partly absent) and partly decayed heart-
wood, and V, deeply decayed wood that can be easily broken 
by hand, are suitable for seedling establishment (Table 1).

The distribution of DBH at 5-cm intervals was drawn for 
conifer and broad-leaved tree species. We regarded the trees 
composing the canopy layer of stands as potential mother 
trees that can disperse seeds, and the potential mother trees 
of the typical conifer species A. sachalinensis and P. jezoen-
sis were judged based on their DBH in each WT, WT+SL, 
and OG quadrat. The size of trees that reached the canopy 
layer was estimated from the relationship between DBH 
and height (H = aDb; H: height, D: DBH, a and b: con-
stants). Individual A. sachalinensis and P. jezoensis larger 
than D ≥ 15 cm in the WT, D ≥ 20 cm in the WT+SL, and 
D ≥ 30 cm in the OG were assumed to be mother trees. The 
sum of the BA of mother trees was calculated for the three 
types of disturbance and management history in each region.

Species composition (i.e., the BA of each species) in 
the three types of disturbance and management history in 
each region was compared using global non-metric multi-
dimensional scaling (nMDS) with the program PC-ORD 
version 7 (McCune and Mefford 2016). The Bray–Cur-
tis distance was applied to measure the distance between 
quadrats. The number of runs with real data was 250, with 
a maximum number of iterations of 500 and 250 rand-
omized runs. The nMDS runs were repeated 50 times with 
random starting configurations in one–six dimensions, and 
the solution with the lowest amount of stress (< 0.001 
of the final stress) was chosen. In all ordinations, one-
dimensional solutions proved to be the best, and the coef-
ficients of determination were 0.943 in Shikotsu and 0.999 
in Taisetsu. The dried weight of downed logs (W kg m−2) 
in decay classes IV and V were estimated using Eq. (1), 
where D (cm) is the diameter of dead wood, Lns (m) is the 

Table 1   Dried weight of downed logs in decay classes IV and V in 
(a) boreal mixed forest and (b) boreal coniferous forest

Region/decay class WT+SL 
(kg/m2)

WT (kg/m2) OG (kg/m2)

(a) Boreal mixed forest
 Decay class 4 0.4 0.64 0.72
 Decay class 5 0.03 0.11 0.16
 Total 0.43 0.75 0.87

(b) Boreal coniferous forest
 Decay class 4 0.14 0.72 0.87
 Decay class 5 0.24 0.04 0.91
 Total 0.38 0.76 1.79
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horizontal length of the north–south line, Lew (m) is the 
horizontal length of the east–west line (Fig. 1), and M 
(g cm−3) is the wood density of each species category and 
decay class (Ugawa et al. 2012).

We define resilience in this study as the ability of a 
boreal forest to maintain its identity in the face of wind 
disturbances and salvage logging, according to Cumming 
et al. (2005). We determined the identity of the target 
boreal forests as the “continuous recruitment of typical 
conifer species”, “dominance of typical coniferous tree 
species”, and “potential for future recruitment of typical 
conifer species”. This study focuses on conifer tree species 
because dominance variation is a characteristic feature of 
boreal forests in Hokkaido, and such variations depend 

(1)W =
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8 ×
(
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) ×M × 10
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on stand elevation. We consider the boreal forest to be 
resilient if (1) the DBH distribution expresses sustain-
able recruitment of A. sachalinensis and P. jezoensis (2) 
the tree species ordination expresses the dominance of A. 
sachalinensis and P. jezoensis, and (3) potential mother 
trees and potential nursery beds exist to support future 
recruitment of A. sachalinensis and P. jezoensis in the 
WT (63 years after windthrow), WT+SL (63 years after 
salvage logging followed by windthrow), and OG (no dis-
turbance for decades) quadrats.

Results

DBH histogram

In the boreal mixed forest, the number of conifers was 
much lower in WT+SL than in WT and OG (Fig. 2a). 
In WT, both conifer and broad-leaved trees exhibited a 

Fig. 2   Histogram of the coniferous and broad-leaved trees for each 
disturbance and management history in a boreal mixed forest and 
b boreal coniferous forest. Arrows indicate the DBH of potential A. 

sachalinensis and P. jezoensis mother trees. The sum of the BA of 
potential mother trees is shown under the arrows. No arrows mean no 
potential mother trees
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reverse J-shaped distribution, but only broad-leaved trees 
showed that distribution in WT+SL and OG. Recruit-
ment of conifers was constrained in WT+SL and OG in 
the boreal mixed forest. Potential mother trees of conifer 
species did not exist in WT+SL. The total BA of potential 
A. sachalinensis and P. jezoensis mother trees was higher 
in the OG than in WT.

In contrast to the mixed forest, in the boreal conifer-
ous forest, conifer tree species survived at in much lower 
numbers in WT+SL than in WT (Fig. 2b). In addition, 
coniferous trees in WT+SL were most abundant in the 
15-cm ≤ D < 20-cm size range, showing poorer recruit-
ment in recent years. In contrast, the histogram of conifers 
in WT and OG mostly exhibited a reverse J-shaped distri-
bution, although the number of coniferous trees was much 
lower in the OG quadrat than the WT quadrat. Recruit-
ment of conifers in WT+SL was slightly constrained in 
the boreal mixed forest, and potential mother trees of A. 
sachalinensis and P. jezoensis were mostly equally dis-
tributed in WT+SL, WT and OG.

Species composition

In the boreal mixed forest, no typical conifer species charac-
terized WT+SL, WT, or OG (Fig. 3a). All species that had 
a strong relation to disturbance and management histories 
were broad-leaved species, except T. cuspitada (TC), which 
characterized OG and WT+SL. In the boreal coniferous for-
est, P. jezoensis (PJ) was placed in the center of the ordina-
tion among the WT, WT+SL, and OG quadrats, and it was 
especially strongly related to OG (Fig. 3b). Conversely, A. 
sachalinensis was not related to any disturbance or manage-
ment history. The WT and WT+SL quadrats were primarily 
characterized by broad-leaved species.

Downed logs

The dried weight of downed logs in decay classes IV and V 
in WT+SL, WT, and OG in the boreal mixed forest (Table 1) 
was generally the same, exhibiting the same potential as a 
nursery for conifer seedlings. In the boreal coniferous forest, 
this potential was highest in OG followed by WT and then 
WT+SL (Table 1), which was half that of WT and one–fifth 
that of OG.

Fig. 3   Ordination biplot by nMDS for a boreal mixed forest and 
b boreal coniferous forest. The vertical scale indicates the score on 
the first axis. Species with Pearson’s r-squared correlations with 
the first ordination axis > 0.6 are placed in ascending order by their 
score. Species names are shown using the abbreviation of their sci-
entific names. Conifer tree species: PG, Picea glehnii Masters; PJ, 
Picea jezoensis Carr.; TC, Taxus cuspidata Siebold et Zucc., Broad-
leaved tree species: AH, Alnus hirsuta (Spach) Turcz. ex Rupr. var. 
hirsute; AM, Acer pictum Thunb. subsp. mayrii (Schwer.) H. Ohashi; 
AP, Acer pictum Thunb. subsp. mono (Maxim.) H. Ohashi; BE, Bet-

ula ermanii Cham.; CC, Cornus controversa Hemsl. ex Prain; CeS, 
Cerasus sargentii (Rehder) H. Ohba; CJ, Cercidiphyllum japonicum 
Siebold et Zucc. ex Hoffm. et Schult.; CM, Cerasus maximowiczii 
(Rupr.) Kom.; CS, Chengiopanax sciadophylloides (Franch. et Sav.) 
C. B. Shang et J. Y. Huang; FM, Fraxinus mandshurica Rupr.; KS, 
Kalopanax septemlobus (Thunb.) Koidz.; MO, Magnolia obovata 
Thunb.; PS, Padus ssiori (F. Schmidt) C. K. Schneid.; QC, Quercus 
crispula Blume; SA, Sorbus alnifolia C. Koch; SoC, Sorbus com-
mixta Hedl.; UD, Ulmus davidiana Planch. var. japonica (Rehder) 
Nakai. Species names of conifer trees are shown in the box
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Discussion

In this study, we exerted every effort to utilize the valu-
able data and quadrats from 63 years ago. This dataset does 
not contain replications of forest types or disturbance and 
management history types and thus does not permit statisti-
cal analysis. However, due to our careful selection of the 
WT+SL and OG sites and the establishment of quadrats 
equal to those in WT, we can provide a careful discussion 
for understanding the resilience of boreal forests. Our results 
suggest that the mixed forest is less resilient than the conif-
erous forest in terms of our definition of resilience, i.e., the 
capability of a forest to maintain its identity as assessed by 
the dominance and recruitment of typical conifer species in 
the face of wind disturbance and salvage logging. We found 
that salvage logging could affect the forest structure, even 
60 years later, by destroying advanced growth, including 
potential mother trees, and nursery beds for seedlings of 
typical conifer tree species.

Effect of salvage logging on boreal forests

Continuous recruitment of typical conifer species

Continuous recruitment of conifers was observed in the 
WT in both boreal mixed forest and boreal coniferous for-
est, though the total BA and frequency were much lower 
in the mixed forest (Fig. 2). The reason for the continuous 
recruitment of coniferous trees would be the survival of sap-
lings and seedlings on the forest floor after wind disturbance. 
Advanced growth left undamaged has been shown to play 
a major role in the early stage of forest regeneration after 
wind disturbances (Morimoto et al. 2011; Royo et al. 2016), 
and seedlings and juveniles left undamaged on the forest 
floor at the time, i.e., 63 years since the windthrow, should 
have grown and become saplings and adult trees in the WT 
quadrat in both the mixed and coniferous forests. The rea-
son for the lower total BA and coniferous tree frequency 
in the mixed forests is likely due to the lower number of 
coniferous saplings and adult trees left undamaged after the 
windthrow. In the boreal mixed forest of WT, only 10 conif-
erous trees (DBH ≥ 5 cm) survived (in the 0.5-ha quadrat), 
and this number decreased to 1 by 1959 (Appendix S1 in 
Kosugi et al. 2016). In contrast, 424 (/ha) coniferous trees 
(DBH ≥ 5 cm) survived in the boreal coniferous forest in WT 
in 1959, including potential mother trees (Ishibashi et al. 
2018). These data suggest that more coniferous trees, includ-
ing potential mother trees, survived in WT in the boreal 
coniferous forest, which was likely due to the higher original 
density of these trees than in WT in the boreal mixed forest.

Salvage logging should have completely damaged a 
small number of undamaged coniferous trees that survived 

the windthrow, resulting in stands with few coniferous 
trees in WT+SL in the boreal mixed forest. In the boreal 
coniferous forest in the WT+SL quadrat, however, regen-
eration of coniferous trees might have been possible due to 
advanced growth of trees that survived both the windthrow 
and salvaging.

Discontinuous distribution of conifers in OG in the boreal 
mixed forest and the lower BA and frequency of coniferous 
trees in OG than in WT and WT+SL in the boreal conifer-
ous forest indicate that a prolonged closed canopy inhibits 
seedling development. These results support the theory that 
natural disturbance is fundamental to the structure and func-
tion of forest ecosystems (Attiwill 1994).

Dominance of typical coniferous tree species

Boreal coniferous forest exhibiting sustainable recruitment 
(Fig. 2b) was characterized by P. jezoensis in all distur-
bance and management histories, i.e., WT+SL, WT, and 
OG (Fig. 3b), but no typical conifer species characterized 
the boreal mixed forest (Fig. 3a). Instead, broad-leaved 
tree species characterized the boreal and mixed forests in 
the WT and WT+SL quadrats.

Pits are holes that can form after trees are uprooted, 
which occurred in both the WT and WT+SL quadrats. In 
addition to these areas, the area scarred by salvage log-
ging emerged in WT+SL. The mineral soil that appeared 
in both the pits and salvaged area would have provided 
good opportunities for the germination and establish-
ment of small-seeded pioneer tree species (Peterson and 
Pickett 2000; Ulanova 2000) such as Alnus hirsuta (AH) 
and Betula ermanii (BE) in the initial recovery stage, fol-
lowed by shade-tolerant broad-leaved species (Kramer 
et al. 2014; Royo et al. 2016) such as Acer pictum Thunb. 
subsp. mono (AP), A. pictum Thunb. subsp. Mayrii (AM), 
Cerasus maximowiczii (CM), and Cerasus sargentii (CeS). 
However, both WT+SL and WT were markedly different 
from OG, consistent with a study in a Tsuga canadensis-
Pinus strobus forest 78 years after a windthrow event (Sass 
et al. 2018) that showed a strong shift in species composi-
tion compared to before a hurricane characterized by a 
tremendous decrease in conifer species (P. strobus and 
T. canadensis) and an increase in broad-leaved species 
(Betula and Acer spp.), regardless of the application of 
salvage logging.

Potential for future recruitment of typical conifer species

Interestingly, the amount of potential nursery habitat in 
boreal mixed forest was the same in WT+SL as in WT and 
OG, yet that in WT+SL was limited compared to that in 
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WT and OG in the boreal coniferous forest (Table 1). The 
more moderate climate in the boreal mixed forest might 
have rapidly decomposed the dead wood supplied 63 years 
ago in WT to reach a stable equilibrium.

The WT+SL history in boreal mixed forest had no 
potential mother trees, which should be the major factor 
limiting the future recruitment of A. sachalinensis and P. 
jezoensis. In contrast, there is no serious obstacle to the 
future recruitment of coniferous trees in boreal coniferous 
forest because of the existence of potential mother trees 
and nursery beds for all types of disturbance and manage-
ment history.

In the boreal mixed forest, even in WT, which contained 
potential mother trees and potential nursery beds, decades 
will be required for coniferous trees to become dominant 
due to the slow process of conifer regeneration, which is 
constrained by growth–limiting climate factors (Noble and 
Alexander 1977; Antos et al. 2000).

What determines the resilience of boreal forests?

Conifer species in a boreal forest, especially at the initial 
stage of establishment, have strict microenvironmental 
requirements (Harvey et al. 1987; Sugita and Nagaike 2005; 
Iijima and Shibuya 2010). Downed logs can provide a suit-
able nursery because they support the survival of conifer 
seedlings by protecting them from pathogens (Wall 1984) 
as well as from competition with fast-growing species such 
as broad-leaved trees and herbaceous species (Bottero et al. 
2013). Sasa also becomes the major obstacle to the estab-
lishment of these species in the subfrigid zone in East Asia 
(Narukawa and Yamamoto 2002), where downed logs are a 
crucial element for the recruitment of canopy tree seedlings. 
Decades are required for fallen logs to decay and become 
suitable seedbeds (Zielonka and White 2006), and this nurs-
ery role can only be fulfilled when potential mother trees 
survive windthrow and salvaging. Hence, the primary prop-
agule source for restoration immediately after a windthrow is 
vegetation that survived on the forest floor rather than widely 
dispersed seeds (Roberts 2004). Therefore, the intensity of 
salvaging influences its effect on the recovery of biomass 
and species composition. For example, within 2 years after 
moderate-intensity salvage logging, vegetation was observed 
to return to its original condition (Peterson and Leach 2008), 
though the effect of severe salvaging that caused a 41–82% 
decline in sapling abundance was extended to 5 years (Royo 
et al. 2016). This observation means that the amount of sur-
viving vegetation determines the period necessary for the 
recovery of forests.

When a boreal forest is salvaged after a windthrow event, 
it loses two important features that contribute to resilience: 
the advanced growth of typical conifer species, including 
potential mother trees, and future nursery beds that support 

the establishment of conifer seedlings. Thus, post-distur-
bance salvage logging can greatly reduce the resilience of 
a forest, especially when no potential mother trees remain. 
Forests dominated by conifer species require more than 
200 years after a stand-replacing disturbance to survive to 
the old-growth stage (Angelstam and Kuuluvainen 2004). 
Salvaging can extend the duration of succession, and unex-
pectedly, old-growth species composition might be com-
pletely different from that before a disturbance.

Long-term observations in a boreal forest revealed that 
the negative effects of salvage operations on the ability of the 
forest to maintain its identity in the face of wind disturbance 
and salvage logging can persist for over 60 years, suggesting 
that in contrast to temperate forests, boreal forests require 
more time to restore their species compositions (Mabry and 
Korsgren 1998) because the major tree species in the boreal 
forests are coniferous and require specific conditions and a 
sustained period of time to establish. Additional long-term 
data and case studies are required to validate our conclu-
sions, which are based on limited replication.
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