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A B S T R A C T   

Typhoons are having an increasingly severe and widespread impact on forest ecosystems around the world due to 
climate change. However, few studies have examined the impacts of strong typhoons on subtropical evergreen 
broadleaved forests, particularly in rare old-growth forests. Here, using a 20 ha permanent subtropical forest plot 
in Guangdong Province, southern China, the impact of super Typhoon Mangkhut on secondary and old-growth 
subtropical evergreen broadleaved forests was quantitatively investigated and compared. The old-growth forest 
was damaged more than twice as much as the secondary forest, as measured by the proportion of the basal area 
of damaged trees. Forest structure and composition played a significant role in determining the vulnerability of 
forests to powerful typhoons. This study advances knowledge about how old-growth forests respond to global 
climate change.   

1. Introduction 

Many old-growth forests are characterized by the abundant presence 
of large or old trees, substantial amounts of dead wood, and substantial 
vertical and horizontal structural complexity (Wirth et al., 2009). It 
often supports higher levels of biodiversity than younger and managed 
forests, offering a storehouse of genetic resources and habitats for 
wildlife (Humphrey, 2005; Binkley et al., 2007; Gibson et al., 2011). In 
addition, old-growth forests store large quantities of carbon (Pregitzer 
and Euskirchen, 2004) and may still serve as global carbon sinks 
(Luyssaert et al., 2008; Tan et al., 2011; Wharton and Falk, 2016). 
However, as a result of land-use changes caused by anthropogenic and 
natural disturbances, these forests are generally fragmented, sparsely 
distributed, and continue to disappear inexorably (Knorn et al., 2013; 
Margono et al., 2014; FAO, 2015). In particular, old-growth forests have 
been increasingly threatened by changes in the pattern of extreme 

climatic events (Peterson and Pickett, 1991; Putz and Sharitz, 1991; 
Luyssaert et al., 2008; Zhou et al., 2013; Li et al., 2015; van der Sande 
et al., 2016; Wharton and Falk, 2016; Lin et al., 2018) that have been 
predicted to become more frequent or more intense (IPCC, 2012). 

Typhoons, also known as tropical cyclones and hurricanes, are a 
common extreme climate events and are another primary natural 
disturbance driver, in addition to drought, fire, and pests, of forest 
ecosystem processes. They can have a significant and profound impact 
on forest structure, species composition, and dynamics, thus influencing 
ecosystem processes. A recent study suggested that typhoons have a 
consistent impact on tropical and subtropical forests by reducing canopy 
cover and promoting regeneration (Ibanez et al., 2019). According to 
Chambers et al. (2007), there was a total biomass loss of about 105 Tg 
carbon in the U.S. Gulf Coast forests during Hurricane Katrina (Cham-
bers et al., 2007), which accounted for over half of the U.S. annual net 
terrestrial carbon sink. 
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The immediate impact of the typhoon on forests has generally been 
quantified by different types of damaged trees: crown damage, snap 
(breaking), and uprooting (Everham and Brokaw, 1996; Jimenez- 
Rodríguez et al., 2018). Two broad groups of factors are important in 
determining forest vulnerability to typhoons: (1) abiotic factors that 
include meteorological, topographical, and soil variables; and (2) biotic 
factors that include forest age, structure and composition (Everham and 
Brokaw, 1996). For the abiotic factors, a recent study reported that 
Hurricane Maria (category 4) caused twice as much tree mortality as 
Hurricane Hugo (category 3) (Uriarte et al., 2019). Several studies have 
described the role of topographical variables that can influence the wind 
exposure of trees (Foster and Boose, 1992; Kramer et al., 2001; Suvanto 
et al., 2018). Soil variables also contribute to windthrow severity by 
influencing the anchorage of tree roots (Nicoll et al., 2006). For biotic 
factors, a previous study demonstrated that forest age profiles should be 
incorporated in examining forest responses to climate change (Chen 
et al., 2016). Older forests are generally more susceptible to typhoons 
than younger forests, as forest age is highly linked to tree height, and 
shorter trees are more windfirm (Kupfer et al., 2008; Bouchard et al., 
2009). However, research on the responses to typhoons between sec-
ondary and old-growth forests remains limited (Jimenez-Rodríguez 
et al., 2018; Lin et al., 2018). Forest structure and composition can also 
play an important role in determining forest vulnerability to typhoons 
(Bouchard et al., 2009; Diaz-Yanez et al., 2017; Taylor et al., 2019). 
However, most studies assessed the impact of typhoons on forests and 
concentrated on coastal tropical forests; few studies give attention to 
subtropical evergreen broadleaved forests that are relatively far away 
from the ocean (Lin et al., 2020), especially in the scarce old-growth 
subtropical evergreen broadleaved forests. 

An episodic catastrophic typhoon, Typhoon Mangkhut, touched 
down in Guangdong Province, China, on September 16, 2018 (Fig. 1), 
with winds of 14 magnitudes near the center, reaching a peak intensity 
of 162 km per hour and a minimum pressure of 955 pa (www.nmc.cn), 
characterized by a long duration, ferocious winds, and extensive damage 
scope (Song et al., 2020). Typhoon Mangkhut was a rare strong typhoon 
with a damage range that extended beyond traditional coastal regions. 
Its extensive circulation reached Zhaoqing, a city far from the coast, 
reaching more than 140 km into the central western Guangdong 

Province (Song et al., 2020) and causing widespread and serious im-
pacts, especially for forests and trees (Huang et al., 2020; Yu et al., 
2020). Typhoon Mangkhut has been reported as the most powerful 
typhoon in Zhaoqing since 1958 (Song et al., 2020). Nonetheless, most 
studies focus mainly on the injury and damage of the urban trees, social 
economy, and humans (Choy et al., 2020a, 2020b), and there is a poor 
understanding of the impact of the typhoon on forests, particularly in 
old-growth forests. 

Here, the impacts of Typhoon Mangkhut were investigated on an 
evergreen subtropical broadleaved forest in southern China. Specif-
ically, the following questions were addressed: (1) Did the immediate 
impact of Typhoon Mangkhut differ between secondary and old-growth 
forests in subtropical forests? (2) If so, how do abiotic and biotic factors 
account for this difference? 

2. Materials and methods 

2.1. Study site 

The study site was located at the Dinghushan Nature Reserve (1155 
ha) in Guangdong Province, southern China (23◦09′21′′–23◦11′30′′N, 
112◦30′39′′–112◦33′41′′E) (Fig. 1). Dinghushan was China’s first Na-
tional Reserve, established in 1956. This region has a typical subtropical 
monsoon climate with an average annual temperature of 20.9 ◦C. The 
lowest and highest monthly mean temperatures are 12.0 ◦C in January 
and 28.0 ◦C in July, respectively. The average annual precipitation is 
1927 mm, with over 80% during the rainy season (April to September). 
The study area has a venerable religious significance for local people, 
owing to the archaic Buddhist temple that existed for over 1,300 years. A 
fragment of monsoon evergreen broadleaved forest around the Buddhist 
temple has been protected for more than 400 years, which was sub-
stantiated by a 14C dating study on the forest soil (Shen et al., 1999) and 
a study on forest succession (Zhang et al., 1955). This study was carried 
out in a 20 ha (400 m × 500 m) plot (hereafter referred to as the DHS 
plot), divided into 500, 20 × 20 m quadrats, in the center of the nature 
reserve. The DHS plot was established in 2005 and resurveyed in 2010 
and 2015. All standing trees in the plot with a diameter at a breast height 
(DBH) ≥ 1.0 cm and a height ≥ 1.3 m were mapped, tagged, and 

Fig. 1. (a) The location of the Dinghushan (DHS) plot and the route of Typhoon Mangkhut across Guangdong Province in southern China. (b) Distribution of the 
secondary forest (light green) and the old-growth forest (dark green) located in the windward sites in the DHS plot; the white squares represent the quadrats located 
in the leeward sites. (c) Aerial view of the local secondary forest. (d) Aerial view of the local old-growth forest. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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identified to species level by following the standard methods of the 
Center for Tropical Forest Science (Condit, 1998). As a result, a total of 
195 woody plant species, representing 119 genera and 56 families, were 
recorded. The dominant species in the canopy layer included Castanopsis 
chinensis, Schima superba and Engelhardtia roxburghiana, and in the sub- 
canopy layer, included Cryptocarya chinensis, Xanthophyllum hainanense 
and Machilus chinensis (Ye et al., 2008). 

The DHS plot was divided into a secondary forest and an old-growth 
forest (Fig. 1), based on tree size and historical records (Lian et al., 
2015). The secondary forest has been protected since the establishment 
of the Dinghushan Nature Reserve in 1956, which is dominated by 
medium-sized DBH trees and a relatively closed forest canopy. The old- 
growth forest is characterized by the presence of large old trees and a 
high level of complexity of vertical and horizontal structures. Basic in-
formation on secondary and old-growth forest in the DHS plot can be 
found in Table 1. The DHS plot has remained unaffected by forest fires 
since 1956. Though the region was hit by the typhoon an average of 3.1 
times per year (Zhou and Yan, 2001), it was only slightly affected before 
2018. 

2.2. In situ forest damage assessment 

To assess the impact of Typhoon Mangkhut on the DHS plot, a post- 
typhoon damage assessment was conducted in October 2018, a month 
after Typhoon Mangkhut. On the plot, all standing trees with a DBH ≥
10 cm damaged by the typhoon were recorded. These trees were 
assigned to one of the following categories of damage: crown damage, 
snap, or uprooting. Crown damage was those trees that were upright and 
showed defoliation and removal of branches. If the trunks of trees be-
tween the ground and crown base were fully or partially broken, they 
were classified as snapped. Uprooting occurred in those trees that leaned 
or fell to the ground with the roots partially or completely exposed. A 
total of 2,988 damaged trees, representing 78 species, were identified. 
The distribution of the damaged trees for each damage category is 
shown in Figs. S1–3. 

To quantify the extent of damage caused by the typhoon, a measure 
called the “damage ratio” was used. The damage ratio is defined as the 
total basal area of the damaged trees (DBH ≥ 10 cm) divided by the total 
basal area of the damaged and undamaged trees (DBH ≥ 10 cm) over a 
20 × 20 m quadrat. The damage ratio was calculated for each damage 
category, i.e., crown damage ratio, snap ratio, and uprooting ratio. 

2.3. Measurement of abiotic factors 

Because the secondary and old-growth forests at the study site likely 

experienced similar meteorological conditions (i.e., wind speed, tem-
perature and rainfall), this study only focused on the effect of topo-
graphic variables and soil variables on forest vulnerability to typhoons. 
Four topographic variables (i.e., altitude, convexity, slope angle, and 
slope aspect) and nine soil variables (i.e., total nitrogen, available ni-
trogen, total phosphorus, available phosphorus, total potassium, avail-
able potassium, organic matter, soil pH, and soil bulk density) were 
measured on the 20 × 20 m quadrat level in the DHS plot. A detailed 
description of the methods of sampling and measurement was provided 
in a previous study (Lin et al., 2013). The slope aspect was classified into 
four major compass directions, i.e., north (0–45◦, 315–360◦), west 
(45–135◦), south (135–225◦), and east (225–315◦). The dominant wind 
direction along the track of Typhoon Mangkhut was southeast, with an 
azimuth of 135◦. To quantify the extent of local slope aspect site expo-
sure during Typhoon Mangkhut, the quadrat-level slope aspect was 
grouped into two categories: windward (45–225◦) and leeward (0–45◦; 
225–360◦). To examine whether the impacts of Typhoon Mangkhut 
differed between secondary and old-growth forests, only the windward 
quadrats were used for further analysis. 

To reduce the dimensionality of the dataset and minimize the cor-
relation between soil variables, principal component analysis (PCA) was 
conducted separately for secondary and old-growth forests. Soil PC1 
(PCsoil1) explained 48.0% of the variation in soil fertility, while soil PC2 
(PCsoil2) explained 18.8%, mainly describing soil potassium and 
available phosphorus content in the secondary forest (Table S1; 
Fig. S4). In the old-growth forest, soil PC1 (PCsoil1) explained 51.2% of 
the variation described by soil fertility gradient from fertile to infertile, 
whereas soil PC2 (PCsoil2) explained 20.1% of the variation, mainly 
reflecting soil potassium content from low to high (Table S1; Fig. S5). 
On the basis of the above analysis, the first two PCA axes (i.e., PCsoil1 
and PCsoil2) were selected for subsequent statistical analysis. 

2.4. Measurement of biotic factors 

Although secondary and old-growth forests at our study site had a 
similar stature, they showed some differences in forest structure and 
composition. For forest structure, the secondary forest was dominated 
by medium-sized trees, while the old-growth forest was dominated by 
large trees (Lian et al., 2015). For forest tree species composition, all 
species were sorted into three groups focusing on shade-tolerance and 
life history traits that affected susceptibility to windthrow (Putz et al., 
1983; Zimmerman et al., 1994; Franklin et al., 2004; Ostertag et al., 
2005): the shade-intolerant species, intermediate shade-tolerant species, 
and shade-tolerant species (Sui, 2017). Both the secondary and old- 
growth forests were strikingly dominated by the intermediate shade- 
tolerant species but followed by shade-tolerant species in the old- 
growth forest, where there were a small proportion of shade-intolerant 
species, which was inverse to that in the secondary forest (Table 1). 
To examine the effect of biotic factors on typhoon damage, indices of the 
forest structure (i.e., basal area, stem density, and crown closure) and 
forest composition (i.e., relative ratio of basal area of the shade- 
intolerant species, relative ratio of basal area of the intermediate 
shade-tolerant species, relative ratio of basal area of the shade-tolerant 
species, relative ratio of basal area of Pinus massoniana [occurs only in 
the secondary forest]) were measured within each 20 × 20 m quadrat. 
As forest stature was similar among the secondary and old-growth for-
ests in the DHS plot, the effect of forest stature on typhoon damage was 
not considered. 

To reduce the effects of multicollinearity caused by the obviously 
correlated forest structure and forest composition variables in the 
models (Figs. S10-11), PCA was also performed separately for second-
ary and old-growth forest. Forest structure PC1 (PCfost1) explained 
56.1% of the variation of forest structure, which increased with crown 
closure, basal area, and stem density, while forest structure PC2 
(PCfost2) explained 23.1% of the variation and was mostly associated 
with crown closure in the secondary forest (Table S2; Fig. S6). In the 

Table 1 
Summary statistics of the secondary forest and the old-growth forest in the 
Dinghushan plot on the basis of trees with a diameter at a breast height (DBH) ≥
10 cm.   

Secondary 
forest 

Old-growth 
forest 

Protected time (yr) >60 >400 
Area (ha) 11.8 8.2 
Species richness 72 84 
Basal area (m2 ha− 1) 25.5 20.9 
Maximum DBH (cm) 134.8 175 
Numbers of quadrat at windward site 210 193 
Numbers of quadrat at leeward site 86 11 
Percentage of the shade-intolerant species (based 

on the basal area, %) 
23.8 7.6 

Percentage of the intermediate shade-tolerant 
species (based on the basal area, %) 

72.1 72 

Percentage of the shade-tolerant species (based on 
the basal area, %) 

4.1 20.5 

Percentage of Pinus massoniana (based on the basal 
area, %) 

4 0  
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old-growth forest, PCfost1 accounted for 61.1% of the variation in forest 
structure that decreased with the crown closure, basal area, and stem 
density, whereas PCfost2 explained 25.0% of the variation associated 
with the basal area and stem density (Table S2; Fig. S7). Based on the 
above analysis, the first two PCA axes (i.e., PCfost1 and PCfost2) were 
selected. 

Forest composition PC1 (PCfoco1) explained 52.7% of the variation 
in forest composition that increased with the relative basal area of 
shade-intolerant species and decreased with the relative basal area of 
intermediate shade-tolerant species. PC2 (PCfoco2) explained 27.4% of 
the variation and was mainly associated with the relative basal area of 
shade-tolerant species, while PC3 (PCfoco3) explained 19.8% and was 
mostly associated with the relative basal area of Pinus massoniana 
(Table S3; Fig. S8). In the old-growth forest, forest composition PC1 
(PCfoco1) explained 69.4% of the variation of forest composition that 
increased with the relative basal area of shade-tolerant species and 
decreased with the relative basal area of intermediate shade-tolerant 
species, while forest composition PC2 (PCfoco2) explained 30.6% and 
was mainly associated with the relative basal area of shade-intolerant 
species (Table S3; Fig. S9). Based on this analysis, the first three PCA 
axes (i.e., PCfoco1, PCfoco2 and PCfoco3) were chosen for subsequent 
statistical analysis. 

2.5. Statistical analyses 

The quadrats (subplots) in our study area were not spatially inde-
pendent, which may lead to a spatial correlation of residuals. Therefore, 
a spatial generalized least squares (GLS) model was used to analyze the 
relationship between the damage ratio of each damage category in the 
secondary and old-growth forests. The GLS model integrated spatial 
autocorrelation into the error term and was one of the best performing 
spatial regression methods, as it enabled accurate estimation of coeffi-
cient parameters and had low type I and type II error (Beale et al., 2010). 
The same GLS model was used to examine the effects of abiotic factors 
(PCsoil1, PCsoil2, Altitude, Convexity, and Slope angle) and biotic 
variables (PCfoco1, PCfoco2, PCfoco3, PCfost1, and PCfost2) on the 
damage ratio for each damage category in the secondary and old-growth 
forests. In GLS analyses, full models were built with different correlation 
structures (i.e., Gaussian, spherical, linear, rational quadratics, expo-
nential spatial correlation structure) and the model with the best fit 
using the Akaike information criterion (AIC) (Burnham and Anderson, 
2016) was selected. Parameters were estimated based on the restricted 
maximum likelihood (REML). All data analysis was implemented in 
R3.4.4 (R Core Team, 2018), with the “nlme” package (Pinheiro et al., 
2019) and the “MuMIn” package (Bartoń, 2019). 

Fig. 2. (a) The percentage of typhoon damage (total basal area of the damaged trees with a diameter at a breast height ≥ 10 cm) for each damage category in the 
secondary forest (SF) and the old-growth forest (OGF) at the level of the entire Dinghushan plot. (b-d) Boxplots showing the damage ratio distribution of the SF and 
OGF for each damage category. 
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3. Results 

3.1. Damage to a secondary forest and an adjacent old-growth forest 

The damage ratio varied among categories of damage in secondary 
forest and old-growth forest (Fig. 2a). The most common damage cate-
gory was crown damage, followed by snap, and uprooting damage. The 
percentage of damage for each category of damage in the old-growth 
forest was almost twice as high as in the secondary forest at the level 
of the entire DHS plot (Fig. 2a). The damage ratio for each category of 
damage in the old-growth forest was also higher than that in the sec-
ondary forest at the quadrat level (Fig. 2b-d; Table 2). 

3.2. Influence of abiotic and biotic factors 

The effects of abiotic and biotic factors on the damage ratio for each 
damage category in the secondary forest and the old-growth forest are 
shown in Table 3. The results showed a complex pattern of relationships 
between explanatory variables and the damage ratio (Table 3). Biotic 
factors were significantly correlated with the damage ratio, although 
they differed between the damage categories and between secondary 
forest and old-growth forest. The snap ratio and uprooting ratio 
increased with forest composition (PCfoco1) (p < 0.01); but the snap 
ratio decreased with forest composition (PCfoco3) in the secondary 
forest (p < 0.001). Forest structure (PCfost1) was negatively correlated 
with the uprooting ratio in the secondary forest (p < 0.001), while the 
forest structure (PCfost2) had a positive correlation with the crown 
damage ratio in both secondary and old-growth forests (p < 0.05). The 
crown damage ratio increased with altitude in the secondary forest (p <
0.001). 

4. Discussion 

4.1. Old-growth forest suffered much more damage from a strong typhoon 
than secondary forest 

Multiple census data from the DHS plot prior to Typhoon Mangkhut 
and a comprehensive damage survey immediately following Typhoon 
Mangkhut provided a rare opportunity to assess the impact of a strong 
typhoon on secondary and old-growth subtropical evergreen broad-
leaved forests in southern China. Our study revealed that Typhoon 
Mangkhut had a dramatic impact on the subtropical evergreen broad-
leaved forest of the DHS plot, with considerable crown damage and the 
obvious occurrence of snap and uprooting. The old-growth forest was 
damaged more than twice as much as the secondary forest, as measured 
by the percentage of the basal area of damaged trees (DBH ≥ 10 cm). 
Our findings are supported by a previous study, which found that the 
old-growth forest received a higher proportion of windthrow (snap and 
uprooting) in the dry tropical forest as a result of a high-intensity hur-
ricane (Jimenez-Rodríguez et al., 2018). It was concluded that the old- 
growth subtropical evergreen broadleaved forest was more vulnerable 
to the strong typhoon. 

Our findings also add indirect evidence that the carbon cycle in old- 
growth forests may be more sensitive to climate change than previously 
thought. Using allometric equations developed by Wen et al. (1997), the 
loss of biomass at our study site due to Typhoon Mangkhut was esti-
mated, resulting in a biomass loss of 26.06 Mg ha− 1, or about 12.5% of 

the total biomass in the DHS plot. Previous studies have shown that old- 
growth forests tend to be carbon sinks (Zhou et al., 2006; Luyssaert et al., 
2008; Tan et al., 2011). However, this carbon cycle process is likely to be 
affected by climate change. As the frequency of severe droughts asso-
ciated with climate change increases, older trees experience more 
adverse impacts on their growth and mortality rates (Bennett et al., 
2015). Chen et al. (2016) found that climate change had an increasingly 
negative impact on net biomass changes in older forests, owing to the 
increasing trend in tree mortality accompanied by little tree growth in 
western boreal forests of Canada. It transforms trees from live carbon 
sinks into dead and subsequent carbon sources. Furthermore, several 
studies have found that climate change-associated drought and warming 
shifted forest compositions and dynamics in old-growth subtropical 
evergreen broadleaved forests (Zhou et al., 2013, 2014) and even 
weakened their carbon sinks (Tan et al., 2012). Our study showed that 
the old-growth forest suffered more damage than the secondary forest in 
a strong typhoon, advancing knowledge about how old-growth forests 
respond to global climate change. 

4.2. Effects of biotic and abiotic factors on the severity of forest damage 
from typhoons 

In the current study, the impact of a set of abiotic and biotic factors 
were examined on a forest’s susceptibility to a strong typhoon to identify 
the possible cause of the difference in response between the secondary 
and old-growth forests. The results of the study are consistent with 
previous studies, which showed that the structure and composition of 
forests play an important role in the vulnerability of forests to typhoons, 
varying with the categories of damage and differing between the sec-
ondary and old-growth forests (Bouchard et al., 2009; Diaz-Yanez et al., 
2017; Taylor et al., 2019). Forest composition had significant effects on 
the damage caused by the typhoon in the old-growth forest. Quadrats 
with a higher proportion of the relative ratio of basal area of shade- 
tolerant species increased the probability of uprooted trees in the old- 
growth forest. These findings agree with a previous study that found 
that shade-tolerant species with more dense wood and a short stature 
were more likely to suffer severe uprooting (Putz et al., 1983), such as 
Sarcosperma laurinum and Ilex ficoidea in the DHS plot (Table S4). An 
unexpected positive correlation was observed between the relative ratio 
of basal area of shade-tolerant species and the snap ratio in the old- 
growth forest. One possibility would be that the most dominant shade- 
tolerant species (i.e., Syzygium acuminatissimum) in the old-growth for-
est were prone to snap during Typhoon Mangkhut (Table S4), perhaps 
because of their slender trunk (Wang et al., 1998; Schelhaas, 2008). In 

Table 2 
The effect of the secondary forest and the old-growth forest on the damage ratio 
of each damage category based on a generalized least squares model.   

Coefficient (SE) p-value 

Crown damage − 0.14 (0.04) < 0.01 
Snap − 0.04 (0.01) < 0.001 
Uprooting − 0.04 (0.01) < 0.01  

Table 3 
Effect of abiotic and biotic factors on the damage ratio for different damage 
categories in the secondary forest (SF) and the old-growth forest (OGF). Model 
selection (best model) for spatial generalized least squares models are shown. 
“↑” indicates a positive coefficient; “↓” indicates a negative coefficient. Signifi-
cance levels of the predictors are shown as: *, p < 0.05; **, p < 0.01; ***, p <
0.001. PCfoco1, PCfoco2, and PCfoco3 refer to the first three principal compo-
nents of the forest composition variables; PCfost1 and PCfost2 refer to the first 
two principal components of the forest structure variables; PCsoil1 and PCsoil2 
refer to the first two principal components of the soil variables.   

Crown damage Snap Uprooting 

OGF SF OGF SF OGF SF 

PCfoco1   ↑***  ↑**  
PCfoco2       
PCfoco3 –  – ↓*** –  
PCfost1      ↓*** 
PCfost2 ↑*** ↑*   ↓  
PCsoil1       
PCsoil2       
Altitude ↑ ↑***     
Convexity       
Slope angle        
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the secondary forest, the quadrats with a higher proportion of 
P. massoniana increased the probability of snapped trees, which sup-
ported the findings of previous studies (Everham and Brokaw, 1996; 
Arevalo et al., 2000). In our study, P. massoniana, one of the most 
dominant shade-intolerant species in the secondary forest, was also 
more likely to snap during Typhoon Mangkhut (Table S5), possibly 
resulting from the biological characteristics of P. massoniana, such as 
soft wood (Zimmerman et al., 1994; Curran et al., 2008) and a high 
modulus of elasticity (Asner and Goldstein, 1997; Peltola et al., 1999) 
(Table S5). 

The structure of forests is another important biotic factor that may 
affect the vulnerability of forests to typhoons. Crown closure, stem 
density, and basal area were negatively correlated with the possibility of 
snapped trees in the secondary forest. A higher basal area and crown 
closure enhanced the wind firmness of trees due to adjacent trees 
detracting sway and movement caused by wind and mitigating wind 
drag over the canopy (Grace, 1988; Vangardingen and Grace, 1991; 
Scott and Mitchell, 2005), decreasing forest vulnerability to the typhoon 
and also decreasing the effects on those trees. The trees located close to 
the newly created stand edges or gaps were likely to increase turbulence, 
thus making them more vulnerable to wind damage (Sinton et al., 2000). 
This phenomenon was also found in the secondary forest. As a result, the 
forest structure and composition of the forests prior to the disturbance 
played an important role in the resistance of the forests to strong ty-
phoons, which might be part of the reason why the old-growth forest 
suffered more damage in the DHS plot during Typhoon Mangkhut. 

Topographical variables may affect the vulnerability of forests to 
typhoons by altering the exposure of local trees to wind or by affecting 
the direction of local winds (Boose et al., 1994; Everham and Brokaw, 
1996; Kramer et al., 2001). Our study detected a noticeable effect of the 
slope aspect on the damage caused by the typhoon (Fig. S1-3), which 
has been well documented in many studies that have reported more 
severe damage in windward sites (Kulakowski and Veblen, 2002; Bou-
chard et al., 2009). Trees located in the windward sites experience direct 
and stronger wind force, thus suffering more damage than that in 
leeward sites (Suvanto et al., 2016). In addition to the slope aspect, our 
study also found that crown damage increased with altitude in the 
secondary forest. Soil variables were not chosen in the optimal model, 
which might be limited by the available data at the local scale. 

4.3. Implications for old-growth forest conservation and management 
under climate change 

The effects of biotic factors on forest vulnerability may have forest 
management implications. The findings of varied susceptibility between 
shade-tolerant and shade-intolerant species to typhoons may have im-
plications on reforestation. For example, we suggest some species that 
resist typhoons, such as C. chinensis and E. roxburghiana, as the main 
species in reforestation. In addition, the greater sensitivity of old-growth 
subtropical evergreen broadleaved forests to strong typhoons has 
important implications for future forest conservation and management 
under climate change. These results demonstrated that the old-growth 
subtropical evergreen broadleaved forest suffered more from Typhoon 
Mangkhut. On this basis, further research should put more emphasis on 
the risk of disturbance and restoration to protect these forests in the 
context of climate change. 
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