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Abstract: We examined typhoon windthrow patterns in stand-scale permanent plots
within three natural forests and the long-term dynamics of surviving trees in two of these
plots. The aim was to verify whether pre-disturbance composition and structure affected
windthrow damage and stand recovery. The stands, which were in Hokkaido, the
northernmost main island of Japan, differed in pre-disturbance composition (coniferous,
mixed and broadleaved stands) and structure, and the basal area losses by the windthrow
event were 81-93%. Tree mortality was significantly related to tree size (diameter at
breast height) and species. The windthrow patterns differed among the three stands; and,
windthrow severity was affected by the pre-disturbance composition and structure. The
mortality of trees that survived the windthrow event was ~60% in the two plots. The
surviving trees comprised a majority of the canopy layer in the secondary stands. The
relative basal area of surviving trees decreased rapidly with increasing tree density in the
stand initiation stage but differed between plots. Consequently, the pre-disturbance
composition and structure influenced windthrow severity, stand recovery, and secondary

succession in the recovered stands.
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Introduction

Wind disturbances are major events that affect the stand dynamics and ecological
functions of temperate forests (Rammig et al. 2006). Evaluating wind damage risk is
important for maintaining the ecological functions of forest stands and avoiding economic
loss during forest management. Various factors, including tree species, size, density, and
shape, disturbance history, wood characteristics, soil conditions, weather, topography, and
altitude, affect the wind damage risk to trees and stands (Peterson 2004). These factors
can be classified into biotic factors related to tree characteristics, stand structure, and
composition and abiotic factors related to soil, weather, and topography.

Large-scale analyses at regional or landscape scales have often detected
significant influences of abiotic factors on the windthrow risk of trees and stands (e.g.,
Boose et al. 1994; Mayer et al. 2005), along with those of biotic factors. However, the
influences of abiotic factors are variable among studies due to interactions between
abiotic and biotic factors and interactions among abiotic factors (Peterson 2004; Mayer
et al. 2005; Evans et al. 2007). In addition, many abiotic factors (e.g., topography, slope
aspect, and soil characteristics) cannot be controlled easily. In contrast, the influences of
biotic factors on windthrow risk are relatively constant. For example, the variation in
windthrow damage among five natural stands in Minnesota was accounted for accurately
by tree size and species (Peterson 2004). Biotic factors such as tree species, density, and
size and shape (e.g., slenderness ratio) can be controlled by forest management. Therefore,
stand-level windthrow risk may be reduced by improving our understanding of the
relationships between the windthrow risk and biotic factors, and then controlling biotic

factors through forest management.
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Many biotic factors influence the risk of stand-level windthrow events.
For example, the windthrow risk to trees has been shown to be positively related to stem
diameter (Canham et al. 2001; Rich et al. 2007) and tree height (Foster 1988; Schmidt et
al. 2010). In addition, canopy trees are more vulnerable to windthrow events than are sub-
canopy trees and saplings (Canham et al. 2001; Webb and Scanga 2001). Moreover,
coniferous species are generally more vulnerable to windthrow events than deciduous
broadleaved species (Hanson and Lorimer 2007; Schmidt et al. 2010; Albrecht et al. 2012),
and conifers with slender stems (i.e., high slenderness ratio) are particularly vulnerable
(Schmidt et al. 2010; Shibuya et al. 2011). Thus, the composition of forest stands affects
the windthrow risk, and conifer-dominated stands are more vulnerable (Jalkanen and
Mattila 2000; Valinger and Fridman 2011). Consequently, the stand-level windthrow risk
is presumably influenced by the pre-disturbance forest composition and structure.
Furthermore, Peterson (2000) noted that pre-disturbance composition and structure
affected secondary succession after a wind disturbance.

During severe windthrows, understory trees and saplings are frequently
damaged by falling canopy trees (Brokaw and Walker 1991; Clinton and Baker 2000),
although many ultimately survive (Canham et al. 2001; Swanson et al. 2011). Such
surviving trees and saplings contribute to rapid stand recovery (Lorimer and White 2003;
Plotkin et al. 2013). Large-sized trees are advantageous for growth after a windthrow
event because of their competitive advantage (Kulakowski and Veblen 2003). Most
canopy trees are removed by stand-replacing windthrow events, forming large openings
in the canopy, allowing the surviving trees to dominate the canopy layer (Turner et al.
1998). However, few studies have analyzed in detail the long-term survival and growth

of these surviving trees after a stand-replacing windthrow event.
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In this study, we used stand data from three permanent plots located in
the central southern area of Hokkaido, the northernmost main island of Japan. The
permanent plots had been severely disturbed by a typhoon in September 1954. Kosugi et
al. (2016) and Toda and Shibuya (2017) analyzed the long-term dynamics of tree density,
composition, and basal area of the permanent plots during the 60 years following the
stand-replacing windthrow event. In addition, these studies suggested that surviving trees
and saplings might contribute to stand recovery from windthrow damage. To understand
the stand recovery process of the plots from the windthrow damage in greater detail, we
analyzed the stand-level windthrow damage (reverse of tree survival) and the long-term
dynamics of the survival and growth of surviving trees in relation to pre-disturbance
composition and structure. Through these analyses, we examined the influences of biotic
factors such as tree species and size on windthrow damage and the contribution of
surviving trees to stand recovery in natural secondary stands after a windthrow

disturbance.

Sites and methods

Sites

One of three plots, the Tomakomai plot (42°43°N, 141°27°E; area: 0.50 ha), established
in 1956, was a coniferous stand dominated by Picea jezoensis Carriere and Abies
sachalinensis Mast. before the windthrow (Kosugi et al. 2016), and lost 93% of its basal

area (BA) as a result of the windthrow (Table 1). In 2014, 60 years after the windthrow,
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this plot was a deciduous broadleaved stand (i.e., 81% of the BA was covered by
broadleaved trees) dominated by Quercus crispula Blume and Magnolia obovata Thunb.
(Kosugi et al. 2016). The Jozankei plot (42°57°N, 141°12°E; area: 0.49 ha), also
established in 1956, was a mixed stand that lost 86% of its BA due to the windthrow event
(Table 1). In 2014, the plot was a deciduous broadleaved stand (i.e., 87% of the BA was
covered by broadleaved trees) (Kosugi et al. 2016). Finally, the Tomakomai Experimental
Forest (TEF) plot (42°40°N, 141°36°E; area: 0.25 ha; No. 2 plot in Toda and Shibuya
2017), established in 1958, was a deciduous broadleaved stand that lost 81% of its BA in
the windthrow event (Table 1) and recovered as a deciduous broadleaved stand (i.e.,
almost 100% of the BA was covered by broadleaved trees) by 2014 (Toda and Shibuya
2017). The Tomakomai and TEF plots were on near-horizontal slopes with shallow soil
of volcanic origin (available rooting depth: ~15 cm), while the Jozankei plot was on a
slope of ~35° and had mesic brown forest soil (available rooting depth: ~50 cm). All sites
had good soil drainage. The three plots were located within 50 km of one another, and the
mean annual temperature and precipitation ranges were 6.7°C (Tomakomai) to 8.9°C
(Jozankei) and 1107 mm (Jozankei) to 1766 mm (Tomakomai), respectively (Kosugi et
al. 2016; Toda and Shibuya 2017). The windthrown trees in all three plots consisted of
uprooted and snapped trees, which were grouped as “fallen trees” in this study. The stand
condition before the windthrow in 1954 was reconstructed in 1956 for the Tomakomai
and Jozankei plots and in 1958 for the TEF plot by measuring both surviving and fallen
trees. The mean diameter at breast height (DBH, 1.3 m high) and species richness in the
three plots were lower after the windthrow event (Table 1). The taxonomic nomenclature

in this study follows that of Yonekura and Kajita (2003-).
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Measurements

Surviving and fallen trees with a DBH >5 cm were tagged (only for surviving trees),
identified, and measured for DBH in 1956 in the Tomakomai and Jozankei plots and in
1958 in the TEF plot. In addition, in the Tomakomai and Jozankei plots, the species and
DBH of living trees (DBH >5 cm), including ingrowths, were measured 13 and 10 times
at 2- to 13-year and 2- to 23-year intervals, respectively, until 2014. The TEF plot was
measured using the same method nine times at 4- to 19-year intervals until 2014. DBH
was measured to an accuracy of 2 cm in 1956-1966 and 0.1 cm in 1971-2014 in the
Tomakomai and Jozankei plots. In the TEF plot, DBH was measured to an accuracy of 2
cm in 1958, and 0.1 cm thereafter. In the Jozankei plot, because of the long interval
between the last and second-last measurements (23 years: 2014-1991) and the fact that
most trees had lost their tags, individual data for the surviving trees were only available
for 1956-1991. These data were available for the Tomakomai plot for 1956-2014. No
tree-level data were available for the surviving trees in the TEF plot because of the long
interval between the first and second measurements (19 years: 1958-1977). Consequently,
data on windthrow damage and dynamics of surviving trees after the windthrow were

available for three and two plots, respectively.

Analyses

Logistic regression was used to analyze the windthrow patterns of the three permanent

plots. A binary variable for tree status (surviving: 0, fallen: 1) was analyzed by logistic
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regression using species and DBH as explanatory variables. Tree species with fewer than
20 individuals before the windthrow were grouped into an “Others” category. No
interaction term between DBH and species was included in the logistic regressions
because the DBH distributions differed considerably among species in the plots. The
analyses were performed using R 1386 3.0.2 (R Core Team 2013).

In the Tomakomai plot, 10 coniferous and 41 broadleaved trees in a 0.5-
ha plot survived the windthrow event in 1954. In the Jozankei plot, 48 coniferous and 50
broadleaved trees in a 0.49-ha plot survived. We examined the survival rates and DBH
distributions in the Tomakomai and Jozankei plots in 2014 and 1991, respectively, as well
as temporal trends in the relative BA of the surviving trees. The relative BA of surviving
trees, which represents the quantitative contribution of the trees to the stand BA, is

defined as follows:

Total basal area of alive surviving trees

Relative BA (%) = x 100.

Stand basal area

We examined the similarity in species composition between pre- and post-disturbance
stands to determine whether the pre-disturbance stand condition affected secondary
succession after the disturbance. We tested the compositional similarity between 1954

and 2014 for the three permanent plots using the similarity index (S) as follows:

S=1-BC
_ lxqi—xyl
BC = T (xqit+x2)’

where BC is the Bray-Curtis dissimilarity, xii is the relative BA of species i in 1954, and

X2i is the relative BA of species i in 2014,

Results



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

Windthrow patterns

Tree mortality by density was highest in the Tomakomai plot (85%), followed by the
Jozankei (82%) and TEF (49%) plots (Table 1). Many small trees were damaged and
killed by falling canopy trees in the Tomakomai and Jozankei plots (Takei 1958), but no
quantitative data were recorded. The same situation might have occurred for small trees
in the TEF plot. The windthrow patterns differed among the three plots (Fig. 1). In the
Tomakomai plot, DBH was not a significant variable, and mortality was significantly
greater for coniferous species (conifers: 96%, broadleaved species: 71%) (Table 2a).
Mortality by DBH class ranged from 50 to 100% (Fig. 1a), and was greater than ~90 %
among all DBH classes except the 6-8- and 58-60-cm classes.

In the Jozankei plot, mortality depended significantly on DBH and
species (Table 2b). The mortality of A. sachalinensis was 86%, significantly greater than
that of the other species (mortality: 69%) (Table 2b), and was higher for A. sachalinensis
than for other species in most DBH classes (Fig. 1b).

Mortality in the TEF plot was significantly and positively related to
DBH, and did not differ among species (Table 2c, Fig. 1c), although the mortality by
species ranged from 25 to 83%. The mortality by DBH class was scattered, and that of
the 6-12-cm class was low, 30~40%. No conifers occurred in the TEF plot before the

windthrow.

Survival, growth, and relative BA of surviving trees
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In the Tomakomai plot, 10 conifer and 41 broadleaved trees survived the 1954 windthrow
(Table 3a). However, only one conifer and 21 broadleaved trees were alive in 2014 (Table
3a); thus, the total mortality of the surviving trees in the 60 years following the windthrow
was 56%. Nine of the surviving conifers died after the windthrow by 1959 (Table 4).
Trees were distributed in the 6-42-cm-DBH classes in the Tomakomai plot in 2014, and
the surviving trees were in the 14-40-cm classes (Table 3a). In addition, 82% of the
surviving trees (18 trees) were in the large DBH class (>26 cm) (Table 3a).

In the Jozankei plot, 48 conifer and 50 broadleaved trees survived the
windthrow, and 19 conifer and 20 broadleaved trees remained alive in 1991 (Table 3b);
thus, the mortality of the surviving trees was 60% between 1956 and 1991. Meanwhile,
24 conifer and 17 broadleaved trees died after the windthrow by 1959 (Table 4). In 1991,
DBHs of trees were distributed in the 6-76-cm classes, and there were 18 trees in the
large DBH class (>26 cm). Overall, surviving trees accounted for 61% of the density and
76% of the BA of large trees in 1991.

Tree density increased after the windthrow in 1954 and was most
abundant in 1991 in the Tomakomai and Jozankei plots (Kosugi et al. 2016). The relative
BA of the surviving trees decreased rapidly with increasing tree density in the plots (Fig.
2). After 1991, the relative BA of the surviving trees in the Tomakomai plot remained
stable (~10%) (Fig. 2), although the stand BA continued to increase from 1991 to 2014
(Kosugi et al. 2016). The relative BA was greater in the Jozankei plot than in the
Tomakomai plot, where surviving trees accounted for 19.4% and 11.6% in 1991,
respectively (Fig. 2).

The similarities (S) in species composition between 1954 and 2014 in

the Tomakomai, Jozankei, and TEF plots were 0.25, 0.34, and 0.75, respectively.

10
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Discussion

The windthrow patterns analyzed by logistic regression differed among the three
permanent plots (Table 2); however, the influences of tree species and DBH on mortality
were qualitatively invariable (i.e., a high mortality of conifers and a positive effect of
DBH on tree mortality) among the plots, irrespective of differences in pre-disturbance
composition and structure (Table 1). The high vulnerability of conifers to windthrow (e.g.,
Schmidt et al. 2010; Albrecht et al. 2012) and a positive effect of DBH on tree mortality
(Canham et al. 2001; Rich et al. 2007) have been observed frequently, and the results
shown in Fig. 1 are consistent with previous studies. Moreover, data on these biotic
factors are readily available to estimate the stand-level windthrow risk in central southern
Hokkaido.

Density- and BA-based mortality increased with pre-disturbance
conifer-dominance and mean DBH (Table 1). Therefore, pre-disturbance composition and
structure influenced the windthrow severity in the three permanent plots. Notably, many
small trees survived in the deciduous broadleaved TEF plot (Table 1) because surviving
trees would be expected to contribute to stand recovery after a stand-replacing windthrow
event. For example, in a tree-pulling experiment in a hardwood stand in the northeastern
United States, more than half of the trees survived the experimental hurricane disturbance
(Cooper-Ellis et al. 1999). Therefore, a high survival rate may be characteristic of
windthrows in temperate broadleaved forests.

Although the mortality varied among broadleaved species (25-83%) in
the TEF plot, no significant interspecies differences were observed (Table 2c). The

11
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vulnerability of tree species to windthrow varies depending on the wood density (or
strength) and the shade tolerance of the species (Zimmerman et al. 1994; Everham 111 and
Brokaw 1996), and windthrow severity sometimes differs among broadleaved species
(Peterson 2007; Rich et al. 2007). However, the variation in vulnerability to windthrow
among broadleaved species diminished under a severe wind disturbance (Peterson 2007),
probably similar to the stand-replacing windthrow event in this study.

The mortality rate of the surviving trees from the 1954 windthrow was
~60% in both the Tomakomai and Jozankei plots by 2014 and 1991, respectively (Table
3). Because few surviving trees died after 1991 in the Tomakomai plot, excluding
windthrown trees in 2004 (Kosugi et al. 2016), it is likely that few surviving trees died
during 1991-2014 in the Jozankei plot. The mortality of the surviving trees was
particularly high during the 5 years following the windthrow event, especially for
conifers; 9 of 10 conifers in the Tomakomai plot and 24 of 48 in the Jozankei plot died
during this period (Table 4). In addition, 17 broadleaved trees had died by 1959 in the
Jozankei plot (Table 4). Consequently, mortality was high in the 5-year-period following
the windthrow. Similarly, Turner et al. (1997) described tree mortality during several
years following hurricanes (i.e., delayed mortality). For example, after a cyclone
disturbance in Sri Lanka, delayed mortality in the 42 months following the disturbance
accounted for 20% of the total tree mortality caused by the disturbance (Dittus 1985).
Furthermore, 82% of this delayed mortality occurred in the 18 months following the
disturbance, and trees with substantial crown damage (>40% of crown lost) exhibited
high mortality (Dittus 1985). Many of the surviving trees in the Tomakomai and Jozankei
plots were likely damaged in the crown or stem during the windthrow event, subsequently

resulting in delayed mortality. In addition, insect damage might have driven delayed
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mortality, especially in conifers. Therefore, our findings agree with Turner et al. (1997)
that delayed mortality is an important feature of wind disturbances.

In the Tomakomai plot, 82% of the surviving trees still alive in 2014
had a DBH within the >26-cm class, accounting for 30% of the BA of large trees. In the
Jozankei plot, 46% of the surviving trees (18 of 39 trees) had a DBH within the >26-cm
class, accounting for 76% of the BA of large trees in 1991 (Table 3b). Consequently, the
surviving trees were important to stand recovery after the stand-replacing windthrow in
1954 and were major constituents of the canopy layer in the secondary stands. Compared
with the Tomakomai plot, surviving trees were abundant in the Jozankei and TEF plots
(Table 1). The Jozankei and TEF plots were less dominated by conifers and had smaller
mean DBHSs before the windthrow in 1954 (Table 1). The relative BA of surviving trees
decreased rapidly with increasing tree density in the stand initiation stage in the
Tomakomai and Jozankei plots (Kosugi et al. 2016), and it remained stable in the stem
exclusion stage in the Tomakomai plot (Fig. 2). This indicates that surviving trees were
extremely important to stand recovery in the stand initiation stage. The relative BA was
greater in the Jozankei plot (19.4% in 1991) than in the Tomakomai plot (11.6% in 1991)
(Fig. 2), probably because of the abundance of surviving trees in the Jozankei plot (Table
3). Furthermore, the similarity in species composition between 1954 and 2014, assessed
using the similarity index (S), was greater in the TEF plot (S = 0.75) than in the Jozankei
(S =0.34) and Tomakomai (S = 0.25) plots, and the similarity was greater in stands with
a greater dominance of broadleaved species in pre-disturbance composition.
Consequently, pre-disturbance composition and structure affected both stand recovery

and secondary succession after the windthrow in 1954 via variations in tree survival.
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Conclusion

From our results, we conclude that pre-disturbance composition and structure
significantly affect both the windthrow severity of natural stands, and the secondary
succession of recovered stands. Surviving trees contribute greatly to stand recovery,
especially in the initial stage of secondary succession. To our knowledge, this is the first
detailed report of the long-term dynamics of trees following a stand-replacing windthrow
event that shows that surviving trees contribute greatly to stand recovery.

However, given that surviving trees accounted for only 3% of the tree
density in the recovered stands (Table 3), the dynamics of ingrowth trees, and factors
influencing them, are also important to the composition and structure of recovered

secondary stands.
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Table 2 Results of windthrow patterns in permanent plots

a) Tomakomai plot c) TEF plot
Variable Coefficient ~ Mortality Variable Coefficient ~ Mortality
%)Y %) "

Inter-cept . - p— %8 Interce!ot (Acer pictum) -1.704 60
(Abies sachalinensis) Chengiopanax

0.359 41
Magnolia obovata 22526 76 sciadophylloides
Picea jezoensis -1.301 94 Carpinus cordata -0.184 25
Quercus crispula -3.493™ 52 Ostrya japonica -0.246 31
Others -2.372" 78 Prunus spp. -0.049 40
DBH 0.033 Quercus crispula -0.894 83
D?=0.195? Others 1.020 57

DBH 0.110™"
b) Jozankei plot D?=0.160 ?
Variable Coefficient ~ Mortality
(%) Y ™1 p<0.001, ™ p<0.01, : 0.05<p <0.1.

Intercept (Acer pictum) -0.638" 64 Y Mortality in density by a stand-replacing windthrow in 1954,
Abies sachlinensis 1.521™" 86 2 D2 1-(residual deviance/null deviance)
Picea spp. 0.223 71 (Guisan and Zimmermann 2000).
Others " 0.601 75
DBH 0.068™"
D?=0.089 ?
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Figure legends

Fig. 1. Mortality by diameter at breast height (DBH) class.

The white and striped bars represent the surviving and fallen trees after the windthrow in
1954, respectively: (a) o: conifer mortality, +: broadleaved tree mortality; (b) o: Abies
sachalinensis mortality, +: mortality of trees other than A. sachalinensis; (c) o: mortality

of all species.

Fig. 2. Temporal trends in the relative basal area of surviving trees.

22



451

b) Jozankei plot

a) Tomakomai plot
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c) TEF plot
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