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Sleet damage to branches and 
crowns of street camphor trees 
(Cinnamomum camphora) in a 
central China mega-city: damage 
statistics, modelling, and 
implications
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College of Life Sciences, Hubei Normal University, Huangshi, China

Introduction: Extreme weather becomes increasingly frequent and severe 
under climate change, causing unexpected damage to trees. Among them, sleet 
damage is particularly harmful to evergreen trees in subtropical area. Camphor 
trees (Cinnamomum camphora), as dominant street trees in central China, are 
prone to sleet damage, resulting in loss of valuable ecosystem functions.

Methods: By measuring tree size characteristics of 118 camphor trees before 
and after a record-breaking sleet event in Wuhan, a mega-city in central China, 
we built allometric equations between size and volume of broken branches and 
used the random forest regression to model sleet damage to camphor trees.

Results: We identified that larger trees with intermediate bole height suffered more 
than smaller trees with tall bole height from the sleet event. We estimated the 
volume of broken branches of a camphor tree with DBH at 35.0  cm as 106.4  dm3, 
equivalent to 55.3  kg biomass loss, from the sleet event.

Discussion: We suggest that pruning the branches instead of topping the main 
stems of small camphor trees would reduce the sleet hazard. To mitigate the 
negative impacts of climate change, regular pruning should be practiced on 
street camphor trees to protect them from future heavy sleet events.
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1 Introduction

Sleet, like other recurring extreme weather events, will become more frequent and severe 
under climate change (Karl et al., 2008; Rummukainen, 2012; Ohba, 2021), challenging efforts 
on mitigating the negative ecological consequences of these events (Maxwell et al., 2019). Unlike 
typical precipitation such as rainfall, snow and hail, sleet forms when snowflakes partially melt 
and fall through a shallow layer of warm air, known as the inversion layer (Livanov, 2023). 
Particularly in sleet, the ice surface on leaves and fruits of trees accumulates, adding weight to 
twigs and branches (Proulx and Greene, 2001; Ohba, 2021). When iced leaves and fruits become 
too heavy to support, twigs and branches break (Burke et al., 1976; Campos et al., 2023). 
Damage by sleet and other extreme cold weather events on trees and forest ecosystems can 
be large (Downton and Miller, 1993; Turcotte et al., 2012; Wang et al., 2016; Zhao et al., 2020; 
Gao et al., 2024), e.g., one-third of Florida’s commercial citrus trees died in the 1980s’ extreme 
cold spells (Downton and Miller, 1993) and 10% of total forests in southern China damaged in 
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the 2008 ice storm (Gao et al., 2024). Sleet damage is more severe on 
evergreen trees than deciduous trees not only because the formers’ 
leaves become tougher and crowns become heavier in sleet (Proulx and 
Greene, 2001; Turcotte et al., 2012; Niinemets, 2016), but also because 
the formers’ woods and barks are brittle and prone to break under 
external force (Hauer et al., 1993; McPherson et al., 2016b; Matsushita 
et al., 2020). It is even harsher to broadleaf evergreen trees because their 
leaf area is larger, favoring formation of a larger ice surface (Proulx and 
Greene, 2001; Turcotte et al., 2012; Levia et al., 2017). Severe sleet has 
been rare in subtropical monsoon climates (Zhao et al., 2020), but 
recently has occurred more frequently, e.g., in 2008, 2018, and 2024 
(Wang et al., 2016; Zhao et al., 2020; Weather Station of Wuhan, 2024). 
The increasing frequency and severity of sleet is expected to increase 
damage to broadleaf evergreen trees in the subtropical monsoon 
climate zone, e.g., in southern and central China (Wang et al., 2016; 
Yan and Yang, 2018; Zhao et al., 2020).

Urban forests and street trees are essential green infrastructure 
providing various ecosystem functions, such as carbon sink, air 
purification, biodiversity support, and food and medicine sources 
(McPherson et al., 2016a; Zhou and Yan, 2016; Chen et al., 2020). 
Street trees provide over half of the global population living in cities 
with shade, environmental amelioration, and recreation (Wu, 2019), 
which are crucial for sustaining the urban ecosystem (Gómez et al., 
2011). Among important street tree species, camphor trees 
(Cinnamomum camphora) are a common broadleaf evergreen tree 
species widely distributing in eastern Asia, especially central China 
(Wu et al., 2020; Liang et al., 2024; Zhang et al., 2024), and planted in 
three other continents (Wood and Esaian, 2020; Xiang et al., 2020). A 
key ecological role of camphor trees for sustaining urban habitats is to 
support bird diversity with large and dense closed crowns (Wood and 
Esaian, 2020) and black round fruit (Wood and Esaian, 2020; Xiao 
et al., 2023), a preferred food source for urban birds (Chupp and 
Battaglia, 2016). Camphor trees are also valuable sources of timber, 
medicine, pesticide, and ornaments for urban areas in China (Zhou 
and Yan, 2016; Chen et al., 2020). As a native tree species, they are 
primary street trees in over 20 provinces of China (Xiang et al., 2020), 
and are the most abundant street trees in 12 major cities of China, 
including the mega-city Wuhan (also the capital of Hubei Province) 
(Liu and Slik, 2022; Liang et al., 2024). With an aim to quickly green 
up urban area and enhance urban ecosystem functions (Wang et al., 
2018), over 100 thousand camphor trees were planted on streets in 
central China, especially in Hubei Province, providing important 
ecological functions for the urban ecosystem (Xiang et al., 2020; Liu 
and Slik, 2022; Zhang et al., 2024). A common management practice 
on street camphor trees is pruning the branches for shaping and 
promoting growth of stems (Velázquez-Martí et al., 2011; Speak and 
Salbitano, 2023). By regularly pruning the branches of street camphor 
trees, their stems can grow taller and horizontal branch spread can 
be reduced (Zhou and Yan, 2016; Speak and Salbitano, 2023).

Under climate change, camphor trees are expected to suffer 
increasing natural hazards to branches and crowns, especially those in 
populated urban area where street camphor trees dominate and they 
are exposed directly to strong wind, ice storm, heavy snow, and sleet 
(Hauer et al., 1993; Irland, 2000; Zhu et al., 2004; Yan and Yang, 2018; 
Xiang et  al., 2020). After sleet, the weight of frozen ice added on 
branches and crowns of a camphor tree can reach over 10 times its dry 
weight (Hauer et al., 1993), resulting in damaged stems that need to 
regrow and open canopies that require years to refill (Wang et al., 
2016). In cities, broken branches and crowns of street camphor trees 

were collected and treated as residual waste by city cleaners, resulting 
in carbon source as loss of biomass equivalent to the dry weight of 
broken branches and crowns (Braghiroli and Passarini, 2020). Birds 
foraging camphor fruits would receive less support for food due to 
fruits damaged by sleet (Wood and Esaian, 2020). The most severe 
damage by sleet on camphor trees was mortality due to complete loss 
of branches (Zhao et al., 2020), which has been recorded in several 
cities across China (Yan and Yang, 2018), including Wuhan which 
experienced a record-breaking sleet event in February 2024 (Weather 
Station of Wuhan, 2024). Shorter bole and earlier branching form were 
found to be related to heavier ice storm damage to camphor trees 
(Chau et al., 2020). On the contrary, small camphor trees with few 
branches and small crowns were less affected by the extreme cold 
weather (Levia et al., 2017; Campos et al., 2023). These relations are 
expected as larger trees gain more weight from ice accumulated on 
leaves and barks than smaller trees according to the allometric 
relationship between tree size (i.e., diameter at breast height (DBH) and 
height) and volume (Mohler et al., 1978; White, 1981). Camphor trees, 
either naturally regenerated or planted, follow the allometries between 
tree size and volume of stems and crowns (Jucker et al., 2022; Bornand 
et  al., 2023). However, no allometric relationship was identified 
between size and volume of branches damaged by sleet event. Also, no 
model has been established for sleet damage to street trees in central 
China, including camphor trees. Considering this, we assessed sleet 
damage to street camphor trees in Wuhan and attempted to answer if 
sleet damage to trees of larger DBH and height are exponentially more 
severe than that to smaller trees? We further modelled the relationship 
between tree size and sleet damage to branches and crowns of street 
camphor trees. Based on estimated models, we  discussed whether 
pruning would be an effective way to reduce future heavy sleet damage 
to street camphor trees under climate change.

2 Materials and methods

2.1 Study area

Our study area is two intersecting 500-m streets within 
30.64232° N, 114.32288° E–30.64498° N, 114.31701° E in Wuhan, 
China (Figure 1a). Camphor trees are the most abundant street 
trees in Wuhan (Liu and Slik, 2022), and the single dominant street 
tree species in our study area. The camphor trees in the study area 
were transplanted in 2008 when urbanization was completed, and 
received no pruning or other treatment since 2019. According to 
the characterization of street trees in Wuhan (Liang et al., 2024), 
DBH, height, bole height, and crown size of street camphor trees in 
our study area are within the 1st and 3rd quartiles of 
each characteristic.

Located in the subtropical monsoon climate zone, Wuhan’s annual 
mean temperature is 16.9°C and annual precipitation is 1280.9 mm 
with most rainfall between April and October (Lv et  al., 2011). A 
record-breaking sleet event began on the 2nd and ended on the 4th 
February 2024, bringing 42.8 mm precipitation (Weather Station of 
Wuhan, 2024). There was a sudden decrease in daily mean temperature 
from 9.0°C to −1.0°C (Figure 1b). Mean daily wind speed remained at 
around 5.0 m/s during this period, while daily mean temperature 
remained below 0°C for another 3 days after the sleet (Figure 1b). Ice 
surface accumulated on camphor leaves and fruits (Figure 2a), resulting 
in branches breaking from stems and falling on the ground (Figure 2b).
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FIGURE 1

(a) Locations of the 118 camphor trees measured and (b) Daily weather conditions in Wuhan, China for the period from the 30th January 2024 to the 
9th February 2024. (a) Sizes of green dots represent tree DBH from below 20.0 to above 39.4  cm. (b) The sleet period from the 2nd to the 4th February 
2024 is shown in light blue. PP, WS, and T represent daily precipitation (mm; blue bar), mean daily wind speed (m/s; green bar), and daily mean 
temperature (°C; purple solid line), respectively. Maximum and minimum hourly temperature for each day, as Tmax and Tmin, are shown by the red and 
orange dashed lines.

FIGURE 2

(a) Camphor fruits and leaves frozen by the sleet event. (b) A broken branch from a camphor tree after the sleet event. (c) Illustration of the tree 
measurements (DBH, h0, h1, hb, and cd) taken in this study. (a,b) Taken on the 4th February 2024 by the corresponding author in the study area. (c) Red 
dashed lines indicate sleet damage to a branch (with measurements of the broken branch, d and l), and to the crown in two scenarios (h1 and h1’, 
where h0  ≥  h1  >  (hb  +  h0)/2 and (hb  +  h0)/2  ≥  h1’  >  hb).
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2.2 Tree measurements

We measured tree size characteristics of each of the 118 camphor 
trees along the two 500-m streets (Figure 2c) before and after the sleet 
event. Before the sleet (on the 30th and 31st January 2024), we measured 
diameter at breast height (DBH), height (h0), bole height (hb; height of 
the lowest branching point on the main stem), crown diameter (cd); 
(major + minor axes of crown/2) of each tree. After the sleet (on the 8th 
and 9th February 2024), we remeasured each tree for its height (h1), top 
status (ts; 0 for intact and 1 for broken top, respectively), and number 
of broken branches (on the main stem only) (nb). We conducted a 
paired t test on tree height before and after the sleet (h0 versus h1).

For broken branches, we measured diameter (d), length (l), and 
number of twigs (nt) of branches on the ground near each tree, and 
we determined the diameter class (dc) of other broken branches by 
signs of fresh cracks on the main stem. We used a clinometer and 
Bosch GLM 50–27 CG Professional Laser Distance Measurement 
Device (Stereńczak et al., 2019) to measure h0, h1, hb and cd. DBH of 
each tree, and d and l of broken branches were measured using a 
diameter tape. We visually assessed ts, nb, nt, and classed dc by 1 cm 
increments from 1 to 18 cm. We  counted the number of broken 
branches with fresh cracks from the top to the bottom of each tree to 
ensure that we recorded all branches with d ≥ 1.0 cm damaged by the 
sleet event. After the field survey, we examined distribution of each 
measurement and Pearson’s correlation coefficient between each pair 
using the R package PerformanceAnalytics (Carl et al., 2010).

2.3 Volume estimates

Stem volume before the sleet (vs0) was approximated by a cylinder 
below bole height plus a cone above bole height (Jucker et al., 2022; 
Zhang et al., 2024) following:

 

2
2

0
r hvs R H ,
3

π
= π +

 
(1)

where R = r = DBH/2, H = hb and h = h0 − hb (Figure  2c) 
(McPherson et al., 2016b).

Crown volume before the sleet (vc0) was approximated by an 
ellipsoid following:
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3
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where a = b = cd/2 and c = (h0 − hb)/2 (Figure  2c) (Wang and 
Jarvis, 1990).

Volume of a broken branch (vbb) was approximated by a 
cone following:
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where rb = d/2 (Figure 2c) (McPherson et al., 2016a).

Then, we  estimated stem volume after the sleet (vs1) with a 
cylinder below bole height plus a truncated cone by deducting the 
volume of the upper cone (Figure 2c) following:
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And we  estimated crown volume after the sleet (vc1) with a 
truncated ellipsoid in two damage scenarios (Figure 2c) following:
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for h0 ≥ h1 > (hb + h0)/2, and
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for (hb + h0)/2 ≥ h1’ > hb.

2.4 Allometric equation

We estimated the allometric relationship between diameter (d) 
and volume (vbb) of broken branches tape measured following:

 ( ) ( )ln vbb a b ln d ,= + ⋅ + ε  (7)

where a and b are parameters and ε is the random error (Mohler 
et al., 1978; White, 1981). We then estimated the volume for each 
diameter class (dc) by substituting the midpoint of each interval of 
d in the parameterized Equation 7 using R 4.3.2 (R Core Team, 
2023). We then calculated the total volume of broken branches of 
each tree (vbbt) by summing the estimated volume of each broken 
branch of the tree. We also examined the allometries between DBH 
and tree height (h0) and between DBH and crown diameter (cd) 
using the R package PerformanceAnalytics (Carl et al., 2010).

2.5 Sleet damage assessment

We assessed sleet damage to camphor trees using top status (ts), total 
volume of broken branches (vbbt), loss of stem volume (vsb = vs0 − vs1), 
loss of crown volume (vcb = vc0 − vc1), and the ratio between the volume 
of broken branches and of the stem before the sleet (rvbs = vbbt/vs0). 
Here, ts is a binary variable and the other four are continuous variables.

2.6 Random forest regression

We used the random forest regression with 500 trees and 1 
variable at each split (Breiman, 2001) to model each type of sleet 
damage (i.e., ts, vbbt, vsb, vcb, and rvbs) with DBH, height before 
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the sleet (h0), bole height (hb), and crown diameter (cd) as 
regressors. The algorithm of random forest method handles 
multicollinearity and nonlinear effects for regression (Garg and Tai, 
2013). Prediction accuracy of the random regression models was 
measured by error rate for classification and area under the receiver 
operating characteristic curve (AUC) for ts and by percentage of 
variation explained for vbbt, vsb, vcb, and rvbs (Breiman, 2001). 
We did not use height after the sleet (h1) of the tree as a regressor 
because we aimed to predict sleet damage.

The importance of variables of each random forest regression 
model was plotted, and was measured by the decrease of model 
accuracy by removing the variable from the model (Breiman, 
2001). We  created the partial dependence plots on individual 
regressors, i.e., DBH, h0, hb, and cd, for each model using the R 
package pdp (Greenwell, 2017). We  also created the partial 
dependence plots on combination between DBH and hb for each 
model. Because h0 and cd were correlated with DBH 
(Supplementary Figure S1a) and because they were less easy to 
measure, we  did not produce partial dependence plots on 
combination between DBH and h0 or cd.

Based on the random forest regression model for vbbt, we then 
estimated the loss of biomass from branches of a camphor tree of 
35.0 cm DBH broken in the sleet by multiplying its estimated vbbt and 
the average dried weight of camphor woods, i.e., 0.52 kg/dm3 (Miles 
and Smith, 2009; McPherson et al., 2016b). We also examined the 
effects of DBH and hb on vbbt using two-way ANOVA by grouping 
DBH in three classes (DBH < 27, 27 ≤ DBH < 40, and DBH ≥ 40 cm) 
and hb in four classes (hb < 4.5, 4.5 ≤ hb < 5.5, 5.5 ≤ hb < 6.5, and 
hb ≥ 6.5 cm) with equal intervals. Multiple comparison was conducted 
for each level of DBH and hb classes using the TukeyHSD function in R.

3 Results

3.1 Tree measurements

The DBH of the 118 camphor trees ranges from 14.8 to 57.7 cm 
with a mean of 29.8 cm and a standard deviation of 9.7 cm (Table 1; 
Supplementary Figure S1a). Height before (h0) and after the sleet (h1) 
of the 118 trees were 8.1–23.2 m and 6.3–18.2 m, respectively (Table 1; 
Supplementary Figure S1a), where h1 was significantly smaller than h0 
by 4.3 m (paired t test p-value <0.001). Bole height (hb) ranged from 
3.0 to 8.0 m, and crown diameter (cd) from 3.2 to 17.5 m (Table 1; 
Supplementary Figure S1a). Estimated volumes of stem and crown 
were 125.0–2893.7 dm3 and 19.84–2905.34 dm3, respectively 
(Equations 1–6; Supplementary Figure S1b).

In total, there were 761 broken branches identified from the 118 
trees, and 170 branches were measured. The number of broken 
branches by the sleet event was 1–21 with a mean of 4.9 and a standard 
deviation of 3.4 (Table 1). Diameter and length of the 170 measured 
broken branches ranged from 1.5 to 30.2 cm and from 1.1 to 10.3 m, 
respectively (Table 1; Supplementary Figure S1c).

3.2 Allometric equation

We estimated the allometric equation between diameter of broken 
branch (d in cm) and its approximated volume (vbb in dm3) as:

 
( )3.325 2.611 ln .dvbb e− + ⋅=  (8)

The R2 of this equation was 0.969 (Figure 3). Based on Equation 8, 
we  estimated the volume of each diameter class (dc) of broken 
branches from 0.104 to 73.28 dm3 for dc from 1 to 18 cm.

3.3 Sleet damage

There were 86 out of the 118 (72.9%) camphor trees with broken 
tops (Table 1). The total volume of broken branches of each tree (vbbt) 
ranged from 0.39 to 375.34 dm3 with a mean of 70.40 dm3 and a 
standard deviation of 78.36 dm3 (Figure  4). With a Pearson’s 
correlation coefficient of 0.93, vbbt was linearly correlated with the 
volume of broken stem (vsb) (p < 0.001; Figure  4). Positive linear 
correlation was also identified between vbbt and the volume of broken 
crown (vcb) (Pearson’s correlation coefficient = 0.87, p < 0.001; 
Figure 4). The ratio between the volume of broken branches and of the 

TABLE 1 Measured characteristics of the 118 camphor trees and the 170 
broken branches with range, mean and standard deviation (SD) of each 
characteristic, together with classes for the tree top status and for the 
broken branch diameter.

Characteristic Range/class Mean SD

DBH (cm) 14.8–57.7 29.8 9.7

h0 (height before the sleet) 

(m)

8.1–23.2 15.1 3.3

hb (bole height) (m) 3.0–8.0 5.4 1.1

cd (crown diameter) (m) 3.2–17.5 8.1 3.5

h1 (height after the sleet) 

(m)

6.3–18.2 11.0 2.4

Top status (0 for intact and 

1 for broken top after the 

sleet)

0: 32; 1: 86 – –

Number of broken 

branches

1–21 6.4 3.9

d (diameter of the broken 

branch) (cm)

1.5–30.2 5.5 3.8

l (length of the broken 

branch) (m)

1.1–10.3 3.9 1.8

dc (diameter class of 

broken branch) (interval in 

cm)

1–2: 13; 2–3: 93; 

3–4: 72

4–5: 92; 5–6: 80; 

6–7: 82

7–8: 64; 8–9: 48; 

9–10: 7

10–11: 24; 11–12: 

7; 12–13: 5

13–14: 0; 14–15: 

2; 15–16: 1

16–17: 0; 17–18: 

0; 18–19: 1

– –

Number of twigs on the 

broken branch

2–13 4.5 2.0
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stem before the sleet event (rvbs) was between 0.00068 and 0.39495 
with a mean of 0.09492 and a standard deviation of 0.07813 (Figure 4).

3.4 Damage models

Our random forest regression models for vbbt, vsb, vcb, and rvbs 
explained 54.0, 48.8, 61.2, and 12.2% of the variation, respectively, 
each with DBH, h0, cd, and hb as explanatory variables (see variance 
importance plots of each model; Figures  5a,b for vbbt, 
Supplementary Figure S2 for ts, vsb, vcb, and rvbs). For ts, our random 
forest model had an error rate of 21.2% with 14.4% false positives and 
6.8% false negatives, and its AUC was 0.72 (Supplementary Figure S3a).

Partial dependence plots of vbbt on h0 (Figure  5c), DBH 
(Figure 5d), cd (Figure 5e), hb (Figure 5f), and combination of DBH 
and hb (Figure  6) together with partial dependence plots of vsb 
(Supplementary Figure S3b), vcb (Supplementary Figure S3c), and 
rvbs (Supplementary Figure S3d) in combination with DBH and hb 
showed the marginal effects of DBH and hb on the damage variables 
(i.e., vbbt, vsb, vcb, and rvbs, respectively). Larger vbbt (Figure 6), vsb 
(Supplementary Figure S3b) and vcb (Figure 3c) were identified for 
trees with larger DBH and intermediate hb, while higher rvbs was only 
found in small trees with extremely small or large hb 
(Supplementary Figure S3d).

Based on the partial dependence of vbbt on DBH (Figure 5d), 
we estimated the volume of broken branches (vbbt) of a camphor tree 
with 35.0 cm DBH and with average height, crown diameter and bole 
height as 106.4 dm3. By multiplying this volume by camphor wood 
density, 0.52 kg/dm3 (Miles and Smith, 2009; McPherson et al., 2016b), 
we estimated biomass loss from broken branches of this tree as 55.3 kg.

Two-way ANOVA and multiple comparison between each level of 
DBH and hb on vbbt confirmed that the camphor trees with DBH 

above 40 cm and intermediate bole height (4.5–6.5 m) suffered 
significantly more damage in vbbt than those with DBH below 27 cm 
and those between 27 and 40 cm regardless of bole height (TukeyHSD 
p-value <0.05 for each pair compared). However, for trees with DBH 
above 40 cm and larger bole height (above 6.5 m), no significant 
difference in damage as vbbt was found comparing against trees at 
other levels of DBH regardless of bole heights (p > 0.05). Meanwhile, 
the camphor trees with bole height below 4.5 m suffered significantly 
less in terms of vbbt from the sleet event than those with bole height 
between 4.5 and 5.5 m (p = 0.03). No significant difference in vbbt was 
found in other pairs of comparison by levels of DBH or bole height of 
the camphor trees (p > 0.05).

4 Discussion

4.1 Sleet damage

Sleet damage to camphor trees can be  estimated by tree size 
characteristics measured before the sleet event (i.e., DBH, height (h0), 
crown diameter (cd), and bole height (hb)). Based on the allometric 
relationship we built between diameter (d) and volume (vbb) of broken 
branches (R2 = 0.969; Figure  3), we  assessed sleet damage to street 
camphor trees in Wuhan, a mega-city in central China. Our random 
forest regression models explained 54.0, 48.8, and 61.2% of the variation 
for sleet damage to branches, stems, and crowns, respectively. DBH was 
the most important variable for estimating sleet damage to stems 
(Supplementary Figures S2c,d) and crowns (Supplementary Figures S2e,f). 
Broken tops are prevalent among street camphor trees at the rate of 
72.9% (Table 1), which was predicted at an error rate of 21.2% by tree size 
characteristics (Supplementary Figure S3a). Overall, larger trees are 
expected to lose a greater volume of branches (Figure  6), stem 

FIGURE 3

Scatterplot between diameter of broken branch (d; cm) and estimated volume (vbb; dm3). The estimated allometric equation is 
( )3.325 2.611 lnvbb e d= − + ⋅ . p-values of the two estimated coefficients are both <0.001, and R2 of the equation is 0.969. The scatterplot uses the log–

log scale, and the estimated equation is shown by the blue line with 95% prediction interval by the grey dotted lines.
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(Supplementary Figure S3b), and crown (Supplementary Figure S3c). 
Particularly, large trees with intermediate bole height (hb) around 5.0 m 
are likely to suffer most from the sleet event (Figure  6; 
Supplementary Figures S3b,c). Two-way ANOVA and multiple 
comparison confirmed what we  identified from the random forest 
regression models.

The ratio between the volume of broken branches and of the stem 
before the sleet event (rvbs) varied highly from 0.00068 to 0.39495. 
The mean ratio between the volume of broken branches and of the 
stem before the sleet event (rvbs) of 9.49% from the 118 street 
camphor trees was comparable to Zhao et  al.’s (2020) estimated 
average loss of branch biomass due to a record-breaking ice storm 
event in 2008 for broadleaf evergreen trees (9.0% ± 0.43%). 
We identified that trees with shorter bole height were expected to lose 
a higher ratio of their stem volume by the sleet event 
(Supplementary Figure S3d), though the random forest regression 
model explained only 12.2% of variation in rvbs. We estimated that 
camphor trees with DBH larger than 18 cm would lose between 5 and 
15% of their stem volumes, and those with bole height larger than 

3.7 m suffered less (Supplementary Figure S3d). Previous studies 
found similar patterns of snow damage to trees in a temperate 
secondary forest in northeast China (Li et al., 2018), a subtropical 
forest transect across southern China (Shao et  al., 2011), and a 
national forest farm in southern China (Zhao et al., 2020), which 
implied that larger trees (i.e., taller trees and trees with wider crowns) 
tend to break more due to weight accumulated from snow but the 
percentage of volume lost was similar to smaller trees (Shao et al., 
2011; Li et al., 2018; Gao et al., 2024).

The record-breaking sleet event (Figure 1b) caused branch, stem, 
and crown damage to over 100 thousand camphor trees planted in 
Wuhan (Wuhan Municipal Landscape Gardens and Forestry Bureau, 
2024), and more in central China (Xiang et al., 2020). The severity of 
damage caused by the sleet event was unusually high as no camphor 
tree measured in this study had intact branches, which was higher than 
the damage by the 2008 ice storm event to trees in southern China 
(Zhao et al., 2020). Monitoring studies showed that the structure and 
functions of the damaged forests was not yet fully recovered 15 years 
after the ice storm event (Gao et al., 2024). Recovery of the impacted 

FIGURE 4

Distribution of the four continuous variables of sleet damage to branches (vbbt; dm3), stems (vsb; dm3), crowns (vcb; dm3), and ratio between the 
volume of broken branches and of the stem before the sleet event (rvbs), together with scatterplots between each pair. Pearson’s correlation 
coefficients between each pair is given with p-values (*** for p  <  0.001). Distribution density of each variable and locally estimated scatterplot 
smoothing (LOESS) of each pair of variables are in red curves in histograms and scatterplots, respectively.
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street camphor trees in central China could be costly as they require 
clearing, pruning, and nourishing to regain their health and places in 
the urban ecosystem (McPherson et al., 2016a; Yan and Yang, 2018; 
Chau et al., 2020; Liu and Slik, 2022). Municipal councils need to 
consider ecological functional benefits, structural values, and costs of 
maintaining damaged street trees to decide where to invest their 
management efforts to recover from sleet damage (Wang et al., 2018).

4.2 Implications

Tree size and shape have been found to be significant for predicting 
sleet (DBH and bole height in this study) and snow damage (Hauer 
et al., 1993; Yan and Yang, 2018; Tavankar et al., 2019). Based on the 
partial dependence plots of DBH and bole height (hb) derived from the 
random forest regression models for vbbt (Figure  6), vsb 
(Supplementary Figure S3b), and vcb (Supplementary Figure S3c), 
we suggest that pruning, instead of topping the main stems of camphor 
trees, as a way to elevate bole height (Zhou and Yan, 2016; Speak and 
Salbitano, 2023), might be practical for reducing future heavy sleet 
damage to camphor trees. Studies on the effect of pruning on damage 
reduction support our finding and suggestion (Bragg et al., 2003; Levia 
et al., 2017; Li et al., 2018; Wang et al., 2018; Poni et al., 2022). Pruning 
before winter reduces the stress of weight added to branches and 
enhances tree resilience to ice and snow damage (Bragg et al., 2003; 
Levia et al., 2017; Li et al., 2018). Pruning is also a regular practice to 
prevent frost damage to trees (Poni et al., 2022). Snow damage to crowns 
was found to be related to crown topographical conditions (Tavankar 

et al., 2019), which might also be managed by pruning (McPherson 
et al., 2016b). It is also notable that the resistance of street trees to 
disturbances is affected by both climate conditions and management 
practices such as topping, nursery, and pruning (Yang et al., 2012).

Pruning street trees is costly, but it becomes economic when 
considering the cost of labor for clearing broken branches and the 
amount of carbon released from broken branches (Velázquez-Martí 
et al., 2011; Wang et al., 2018). Clearing broken branches of these 
many camphor trees required much labor and an unexpected cost for 
street tree maintenance (Wang et  al., 2018). This would limit the 
amount of care, such as pruning and pest prevention (Xiang et al., 
2020; Speak and Salbitano, 2023), on street trees, further decreasing 
their resistance to natural disasters and pests. Moreover, broken 
branches were collected and treated as residual waste by city cleaners, 
so their biomass would be released to atmosphere as a carbon source, 
which were reported to contribute to carbon emissions in major cities 
of China (Shi et al., 2013). We estimated that, on average, a street 
camphor tree with 35.0 cm DBH lost 55.3 kg biomass in branches 
damaged by the sleet event. Considering that camphor trees account 
for near 10% of street trees in Wuhan (Tian et  al., 2024), the net 
carbon loss from biomass in branches damaged by the sleet event 
might be a source of carbon in millions of kg (Yan and Yang, 2018).

4.3 Limitations

The damage was by far the heaviest sleet damage on record in 
Wuhan (Weather Station of Wuhan, 2024), and it was the first sleet 

FIGURE 5

Variance importance plots showing % of increase in MSE (a) and increase in node purity (b) of DBH, h0, cd, and hb in the random forest regression 
model for vbbt. Partial dependence plot of vbbt on DBH (c), h0 (d), cd (e), and hb (f) from the same model given averages of the other three variables.
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event in the winter of 2023–2024 (Figure  1b). Sleet damage to 
camphor trees would likely vary if the strength and frequency of 
future sleet events and its accompanying weather conditions, such as 
temperature and wind, differ from this event (Zhu et al., 2004; Gao 
et al., 2024). It may also be different if level of urban development 
(Tian et al., 2024), topographical conditions (Tavankar et al., 2019), 
and tree characteristics (Yang et al., 2023) differ from street camphor 
trees growing in our study area. Damage due to any addition to the 
layer of frozen water at the surfaces of leaves and branches after the 
sleet event could confound damage due to the sleet event (Livanov, 
2023), but this bias was minor in our study because the temperature 
increased to above 0°C two days after the end of the sleet event 
(Figure 1b) and because damage assessment was completed before the 
temperature decreased below 0°C. This reduced any bias due to 
damage by other weather events. Models for estimating sleet damage 
might be improved if tree shape and size characteristics other than 
DBH, height and crown diameter were measured and included 
(Proulx and Greene, 2001; Niinemets, 2016; Zhao et  al., 2020). 
However, measuring these variables requires additional time and 
labor. Our random forest regression models for sleet damage to 
branches, stems, and crowns were useful for understanding how sleet 
damage were related to DBH and bole height (Figure  6; 
Supplementary Figures S3b,c), two important size and shape 
characters of street camphor trees. We argue that the models built in 
this study can be used for assessing damage to other street camphor 
trees in Wuhan by the same record-breaking sleet event (from 2nd to 

4th February 2024; Figure 1b), but the models should be refitted if 
future sleet events occurred under different weather conditions. Levels 
of sleet damage to camphor trees are subject to the strength of sleet 
events, including duration, precipitation, vapor pressure, and the rate 
of temperature change (Gay and Davis, 1993; Livanov, 2023). This 
study specifically modelled the first sleet event in the winter of 2023–
2024, which was also the most severe sleet event that winter (Weather 
Station of Wuhan, 2024). Camphor trees continued to experience 
damage by cold weather events after the sleet event, but the degree of 
damage was much less severe because branches vulnerable to the 
formation of heavy ice layers were already broken in the initial sleet 
event (Zhao et al., 2020; Gao et al., 2024) and because subsequent cold 
weather events were less severe (Weather Station of Wuhan, 2024). 
We therefore did not plan to survey damage to camphor trees caused 
by subsequent cold weather events in Wuhan, but it would 
be necessary to conduct consecutive damage monitoring on the same 
group of trees to assess the impacts of cold weather events on branches 
of camphor trees for different levels of severity in future studies.

Stem and crown volume could be more accurately measured using 
a laser scanner (Chianucci et al., 2020), although we approximated 
them for damage assessment by balancing measurement accuracy and 
model performance (Bornand et al., 2023). Constrained by labor, the 
sizes of broken branches were not completely measured. However, 
we managed to count and class diameters (dc) of all broken branches 
with d ≥ 1 cm on the main stem due to sleet, and established the 
allometric equation between diameter (d) and volume (vbb) of broken 

FIGURE 6

Partial dependence plot of total volume of broken branches (vbbt; dm3) on DBH (cm) and hb (m) given average height (h0) and crown diameter (cd) 
derived from the random forest regression model for vbbt with DBH, h0, cd, and hb as explanatory variables.
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branches based on measured data. Allometric equations with different 
forms have been used in other studies (Bornand et al., 2023), but our 
equation had a simple format and a high R2 (i.e., 0.969). Our equation 
also had the same format as previously established equations for 
camphor trees (Pillsbury et al., 1998) and other street tree species in 
China (Yang et  al., 2023). For parsimony and based on previous 
studies, we  chose to use this allometric equation to estimate the 
volume for each dc. Twigs on broken branches were not included in 
this study, which would lead to an underestimation of sleet damage. 
To account for missing twigs, we also excluded branch volume in the 
denominator of rvbs. It is worth mentioning that this allometric 
equation might be less accurate if used for camphor trees growing in 
other areas with different environmental conditions (Xu et al., 2021; 
Guo et al., 2024). We did no extrapolation of the allometric equation 
or the random forest regression models in this study, which should 
be  done with caution for trees of different sizes to be  measured 
and modelled.

4.4 Future research

Under climate change, extreme weather events became emerging 
concerns as their negative impacts on ecosystems and humans grow 
too large, both regionally and locally, to be  ignored (Stott, 2016; 
Ummenhofer and Meehl, 2017). Particularly in recent years, for 
instance in 2023, persistent and large-scale hot-dry weather drove 
extremely large forest fires in Canada, releasing 647 Tg carbon 
emissions, comparable to India’s annual emissions (Byrne et al., 2024). 
Locally, areas experiencing elongated freezing days have been 
expanding rapidly, and the levels and uncertainty of damage due to 
extreme cold weathers have been increasing (Ummenhofer and 
Meehl, 2017). Studies on the impacts of extreme weather events, 
especially those less common in the past decades in certain areas, such 
as sleet events in central China (Lv et al., 2011), need to be conducted 
on the main tree species for improved understanding of damage due 
to these extreme weather events and for preparing for future 
extreme weathers.

As sleet events become more frequent and severe under climate 
change in areas populated with evergreen trees (Ohba, 2021), studies 
on sleet damage to other dominant street trees, such as Ligustrum 
lucidum and Magnolia grandiflora (Xiang et al., 2020), and on trees 
growing in plantations and forests are needed to fully assess sleet 
damage to trees and the global carbon cycle (Tavankar et al., 2019; 
Braghiroli and Passarini, 2020), as well as for mitigating the negative 
impacts of climate change. For street camphor trees, how much 
pruning and at what point in the trees’ life cycles it should be carried 
out to minimize future sleet damage need to be further tested (Hauer 
et al., 1993; Campos et al., 2023). Apart from pruning, spacing and 
planting stands mixed with deciduous trees might help reduce sleet 
damage to camphor trees (Li et al., 2018; Chau et al., 2020). Breeding 
for tall trees and trees with short bole height might be helpful for them 
to survive sleet events (Yang et  al., 2023). Specific management 
strategies for conserving damaged camphor trees of different 
ecological functional values need to be fully discussed (Wang et al., 
2018). Additionally, street camphor trees growing in other major cities 
in China may develop different allometries and suffer differently from 
extreme weather events (Tian et al., 2024), which should be further 

studied to understand how to conserve street camphor trees across 
different climate zones. The methods from this study may be applied 
to help answer these questions, and model damage by other extreme 
weather events, such as ice storm and heavy snow, which are expected 
to occur more frequently under climate change (Rummukainen, 2012).

5 Conclusion

The record-breaking sleet event in Wuhan damaged street 
camphor trees disproportionally by their size with a mean height 
decrease of 4.3 m. Larger camphor trees with DBH above 40 cm were 
found to suffer more from the sleet event, and trees with intermediate 
bole height between 4.5 and 6.5 m were found to suffer more damage. 
There was an allometric relationship between diameter and volume 
of broken branches of camphor trees. On average, a street camphor 
tree with 35.0 cm DBH was estimated to lose 106.4 dm3 branches 
(equivalent to 55.3 kg biomass) from the sleet event. Pruning 
periodically to control bole height before sleet events would 
be helpful to reduce future heavy sleet damage. As sleet and other 
extreme weather events become more frequent and severe under 
climate change, it is necessary to test the effect of pruning to street 
trees and to model damage by the extreme weather events on different 
tree species, especially evergreen broadleaf tree species, to mitigate 
the negative impacts of climate change on street trees and urban 
forest ecosystems.
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