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Abstract: The process of rainwater interception by tree organs is crucial in mitigating the impact
of intense rainfall on urban drainage systems, particularly in the context of climate change. For
this study, we selected ten commonly found tree species in Shanghai, and the main parts of trees,
including their leaves, branches, and bark, were collected to analyze their ability to intercept rainwater.
The optimized Artificial Rainfall Simulation System (ARSS) was applied to simulate rainfall. The
time-changing process of rainwater interception in three organs was measured during a 180 min
rainfall event under four different rainfall intensities (4, 8, 12, and 16 mm/h, respectively). Process
models of rainwater interception in different organs were fitted with adsorption kinetic equations.
The rainwater interception process of tree organs complied with the quasi second-order adsorption
kinetic equation. The rainwater interception capacity values of the leaves, branches, and bark of the
ten urban tree species ranged from 0.05 to 0.34 mm, 0.13 to 0.24 mm, and 0.29 to 1.22 mm, respectively.
The rainwater interception capacity values of the three organs significantly differ (p < 0.05). The
results of this study reveal that bark exhibits the greatest rainwater interception ability. Coniferous
tree species have a greater ability to intercept rainwater than broad-leaved tree species. There are also
differences in the rainwater interception ability of trees in urban and natural areas.

Keywords: tree organs; urban tree species; rainwater interception capacity; Shanghai

1. Introduction

Trees, as an important component of urban ecosystem function [1-3] and hydrological
regulation, are gradually receiving more attention in the study of rainwater interception
within their canopies. Due to the prevalence of isolated tree species in urban areas [4,5],
numerous studies have focused on individual tree canopies and utilized the water balance
method. This method assesses the rainwater interception capacity of trees by calculating
the disparity between natural rainfall and the amount of rainfall that reaches the ground
after being intercepted by the tree canopy [6]. Alves [7] conducted a study on the rainwater
interception capacity of four urban tree canopies in Brazil. In natural rainfall events with a
total rainfall of 16.70 mm, the tree crowns intercepted 8.0 mm, 7.4 mm, 7.2 mm, and 4.8 mm
of rainwater, with interception rates of 47.9%, 44.30%, 43.1%, and 28.7%, respectively.
Guevara [8] measured an average rainwater interception of 4.8 mm and an interception rate
of 69.6% among urban trees during a 6.9 mm natural rainfall event in Queretaro, Mexico.
Asadian [9] conducted a study on six urban trees in northern and western Vancouver,
Canada, and found that these trees had an average rainwater interception ranging from
4.8 to 22.0 mm for natural rainfall events, with a total precipitation ranging from 1.5 to
24.3 mm. In an experiment conducted in Ljubljana, Slovenia, involving 85 natural rainfall
events with a total rainfall of 488.3 mm, Zabret [10] found that the rainwater interception
rates of birch (Betula pendula) and pine (Pinus sylvestris) were 40.2% and 58.3%, respectively.

Atmosphere 2023, 14, 1701. https:/ /doi.org/10.3390/atmos14111701 https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos14111701
https://doi.org/10.3390/atmos14111701
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-9920-9119
https://doi.org/10.3390/atmos14111701
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14111701?type=check_update&version=3

Atmosphere 2023, 14,1701

2 of 20

For the studies mentioned above, the rainwater interception values for urban tree canopies
in a single rainfall event range from 0.6 mm to 24.3 mm, and the interception rates range
from 1.2% to 76.5%. Previous research has mainly focused on field experiments. Due to the
variability of natural rainfall and variations in tree crown structure characteristics, even
within the same tree species, significant differences have been observed in different studies.
In various studies, the amount of rainwater intercepted by the crown of Robinia pseudoacacia
ranged from 1.9 to 6.6 mm, with interception rates ranging from 11.0% to 57.6% [11,12].
The varying interference conditions in different experiments make it difficult to compare
and analyze the results across different experiments. The level of variation in these research
findings poses challenges in systematically assessing the rainwater interception capacity of
tree canopies. Additionally, it is also difficult to ascertain the impact mechanisms of factors
such as tree structure, rainfall conditions, and climate conditions on rainwater interception.

The tree organs are the main components that intercept rainwater, and the accuracy of
measuring their interception capacity affects the assessment of the canopy’s overall intercep-
tion capacity. The measurement of rainwater interception in plants is primarily conducted
by manually wetting the surface of the organs using methods such as immersion [4,13,14]
and artificial simulated rainfall [15-17].

The immersion method is currently the primary method used to measure the inter-
ception of rainwater by tree organs. This method involves immersing the tree organs in
rainwater or distilled water that has been collected for a specific duration. Afterward,
the organs are removed, and the difference between their fresh weight and wet weight is
measured [4,13,18]. This measurement represents the amount of rainwater intercepted by
the organs [19].

Two main findings can be extracted from research on organ rainwater interception us-
ing the immersion method. The first is that the rainwater interception capacities of branches
and trunks are significantly greater than that of leaves. Additionally, there are significant
variations in the interception of rainwater by different types of vegetation [13,14]. The re-
sults of one specific study showed that the rainwater interception capacity of Herwitz [20] of
branches and trunks of tropical rainforest tree species ranged from 0.12 mm to 0.72 mm [20].
Leyton [21], Crockford [14], and others have found that the rainwater interception capacity
values of branches and trunks of various Eucalyptus species range from 0.07 to 0.92 mm.
The rainwater interception values of broad-leaved trees, eucalyptus, and tropical rainforest
trees [15,20] range from 0.07 mm to 0.11 mm. In a study on coniferous trees, the rainwater
interception of branches of Picea koraiensis [22], Taxodium ascendens [13], and Pinus densi-
flora [4] ranged from 0.13 mm to 1.26 mm. However, studies on coniferous tree species
such as Pinus elliottii [13], Taxodium ascendens [13], Pinus sylvestris [4], Pinus radiata [23],
Pinus pinaster [24], and Picea sitchensis [25] have shown that leaf rainwater interception
values range from 0.1 mm to 0.16 mm. The second key finding is that there are significant
differences in rainwater interception capacity values between shrub and tree leaves. The
rainwater interception capacity of shrubs such as Caragana korshinskii, Hedysarum scoparium,
and Artemisia ordosica, as studied by Wang [26] using the immersion method, ranges from
0.39 mm to 0.61 mm. This capacity is higher than that of tree leaves in previous studies. The
measurement of rainwater interception based on tree organs, particularly leaves, using the
immersion method is influenced by various factors, and its value varies significantly across
different studies [14,15,27]. The factors that influence this fluctuation include the growth
area of the tree, immersion time [4,13,14,18,20,28,29], whether the branch section is sealed,
whether the blade is calculated on one side or both sides, and whether the air flow is taken
into consideration. For the same species of Eucalyptus (Eucalyptus manniferu), Aston [15]
measured 0.07 mm, while Crockford [14] measured 0.01-0.04 mm. For the leaf immersion
time, Liu [13] argues that a shorter time aligns better with the actual rainwater interception
function of leaves. Therefore, the recommended leaf immersion time is only 3 s. On the
other hand, Llorens [4] believes that for maximum rainwater interception, the leaf needs to
be fully soaked, requiring a longer immersion time of 60 min. Additionally, the immersion
time for branches and bark is even longer, ranging from 1 to 72 h [13,14,20,28,29]. Under
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windy conditions, the rainwater interception capacity of the blade is significantly reduced.
Herwitz [20] studied the rainwater interception capacity of leaves from various tropical
rainforest trees, including Eucalyptus [15], as well as other broad-leaved trees. This study
revealed that under windy conditions, the rainwater interception per unit area of leaves
from broad-leaved trees would be reduced by 64-73%. In windy conditions, the reduction
would be 59-85%. The coniferous rainwater interception capacity values of Pinus sylvestris
were 0.10 mm and 0.04 mm under calm and windy conditions [4].

The immersion method is used to measure the water absorption capacity of an organ’s
surface under static conditions. In actual rainfall, organs are affected by factors such as
rainfall intensity, rainfall duration, the dynamic impact of raindrops, and other variables.
These factors can lead to dissimilation. Yu Kailiang [19] employed various techniques to
assess the leaves of a single tree. Their findings revealed that the rainwater interception
of the leaves, as measured using the artificial simulated rainfall method, was greater than
that measured using the immersion method. It was speculated that the reason for this
was that the continuous droplets formed on the surface of the leaves during the artificial
simulated rainfall increased the interception of rainfall [30]. At present, artificial simulated
rainfall moisture tests are generally conducted in laboratories. In these tests, the samples
are placed under a simulated rainfall device, and the maximum rainwater interception
capacity of trees is calculated by measuring the weight difference of the samples before
and after rainfall [15,31]. The factors that affect the determination of rainwater interception
include the intensity and duration of rainfall. The research object of rainwater interception
using artificial simulation methods is typically the entire tree. Limited by experimental
conditions, this test primarily focuses on the seedling stage of the experimental object,
making it challenging to determine the characteristics of larger tree species or mature trees.
In Aston’s study, eucalyptus seedlings [15,20] were selected, while in Li’s study, seedlings
at an early growth stage were chosen. For the determination of rainfall intensity, current
research primarily focuses on the requirements for controlling soil and water loss in natural
areas. The simulated rainfall intensity is usually more than 20 mm/h [15,32] for heavy rain
and rainstorm intensity [15,16,26,29]. In many artificial simulated rainfall experiments, only
one rainfall intensity is set; only a few experiments have multiple rainfall intensities [32,33].

At present, related research mainly uses the methods of immersion and artificial
rainfall to wet the surface of organs. The immersion method focuses on tree organs as
the subject, but it does not consider specific rainfall conditions. As a result, it cannot
accurately determine the rainwater interception capacity of tree organs under varying
rainfall intensities and durations. Artificial simulation rainfall methods can better simulate
the natural wetting process [29,32] and are more widely used. However, current research
primarily focuses on small trees or immature seedlings, making it challenging to determine
the rainwater interception capacity of mature tree organs. Moreover, to quickly maximize
the interception of rainfall by plants, the rainfall intensity needs to be set to more than
20 mm/h. Previous studies that have utilized artificial rainfall simulations have primarily
concentrated on examining the dynamics of soil erosion and water runoff during high-
intensity rainfall events [15,34,35]. Furthermore, research on rainwater interception in
natural forest canopies has primarily focused on heavy rainfall intensities, typically ranging
from 10 to 150 mm /h [16,31,36-38]. However, there is a noticeable gap in the availability of
artificial rainfall simulation devices capable of accurately replicating the specific rainfall
patterns characteristic of urban areas.

This is significantly higher than the current natural rainfall conditions during rain-
storms, which are typically greater than 16 mm/h [39,40]. This setting ignores the impact
of different rainfall conditions, especially in Shanghai’s urban areas, where 90% of rain-
fall intensity is less than 10 mm/h [41]. Therefore, to accurately quantify the rainwater
interception capacity of tree crowns under natural rainfall conditions, it is necessary to
systematically establish rainfall intensity and duration conditions based on the character-
istics of urban rainfall. This would allow for the implementation of artificial simulation
experiments to study the wetting of organ surfaces.
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In this study, we used the artificial rainfall simulation method to measure the rainwater
interception process of tree organs and attempted to address the following three topics:

1.  The rainwater interception process of different plant life forms and tree organs.
2. The differences in the rainwater interception capacity values of different tree organs.
3. The rainwater interception capacity of common tree organs in Shanghai.

2. Materials and Methods

In this study, we simulated the process of rainfall to wet the surface of the organs and
measured the interception of rainwater by calculating the changes in organ weight before
and after the rainfall.

2.1. Research Site

The tree organ sampling points were located at the Minhang Campus of Shanghai
Jiao Tong University at the following coordinates: 31°01'12"” N, 121°25'33” E. The campus
is located in the southwest of Shanghai’s Minhang District (Figure 1), spanning an area
of 309.25 hectares. It has a rich variety of plant species, with 314 species belonging to
74 families and 188 species, including the main tree species that are commonly found
in gardens and green spaces in Shanghai. The trees were planted more than 20 years
ago under favorable environmental conditions and have been properly managed [42],
resulting in robust growth. The simulated rainfall experiments were conducted in the
controlled greenhouse of the School of Agriculture and Biology at Shanghai Jiao Tong
University (Figure 1). The use of a controlled greenhouse prevented the influence of
ambient air flow, temperature, and wind speed changes on the measurement of rainwater
interception capacity.

2.2. Tree Species

According to the results of a study on the characteristics of urban vegetation types in
Shanghai [43], the plant communities in the central urban area of Shanghai mainly consist
of deciduous and evergreen broad-leaved forests. The second most common vegetation
types are evergreen deciduous broad-leaved mixed and evergreen coniferous forests. In
this study, five species of evergreen broad-leaved, three species of deciduous broad-leaved,
and two species of coniferous trees in Shanghai were selected (Table 1), including Golden
Rain Tree (Koelreuteria paniculata Laxm., KOP), London Planetree (Platanus x acerifolia
(Aiton) Willd., PCA), Japanese zelkova (Zelkova serrata (Thunb.) Makino, ZES), Camphor
Tree (Cinnamomum camphora Nees ex Wall., CIC), Japanese blueberry tree (Elaeocarpus
decipiens Hemsl., ELD), Glossy privet (Ligustrum lucidum Ait., LIL), Southern magnolia
(Magnolia Grandiflora L., MAG), Fragrant tea olive (Osmanthus fragrans Lour., OSF), Deodar
cedar (Cedrus deodara (Roxb. ex D. Don) G. Don, CED), Dawn redwood (Metasequoia
glyptostroboides Hu & W. C. Cheng, MEG).

Table 1. Species selected for the study.

Common Name Scientific Name Life Form Species Code
Golden Rain Tree Koelreuteria paniculata Laxm. Deciduous broad KOP
London Planetree Platanus x acerifolia (Aiton) Willd. Deciduous broad PCA
Japanese zelkova Zelkova serrata (Thunb.) Makino Deciduous broad ZES

Camphor Tree Cinnamomum camphora Nees ex Wall. Evergreen broad CIC
Japanese blueberry tree Elacocarpus decipiens Hemsl. Evergreen broad ELD
Glossy privet Ligustrum lucidum Ait. Evergreen broad LIL
Southern magnolia Magnolia Grandiflora L. Evergreen broad MAG
Fragrant tea olive Osmanthus fragrans Lour. Evergreen broad OSF
Deodar cedar Cedrus deodara (Roxb. ex D. Don) G. Don Coniferous CED

Dawn redwood

Metasequoia glyptostroboides Hu & W. C. Cheng Coniferous MEG
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Figure 1. The location of study area.

2.3. Tree Organ Sample Collection

We selected 20 specimen trees of each species from the Minhang campus of SJTU
(Figure 1). Organ samples were collected from the specimen trees before conducting the
simulated rainfall experiment. The collected samples were placed in the incubator and then
transferred to the greenhouse for experimentation.

2.3.1. Leaf Collection

Before conducting each rainwater interception measurement experiment, we randomly
selected 100 leaves from different positions on specimen trees of a specific tree species
(Figure 2) that displayed healthy growth and showed no signs of dryness, disease, or
infection via insects or pests (Figure 3). A total of 4000 leaf samples were collected for
40 rainfall events in this study.
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Figure 2. Collection position of leaves. For broad-leaved tree species, leaf samples were randomly
selected from 15 positions within the tree canopy. For conifer tree species, leaf samples were randomly
selected from 11 positions within the tree canopy.

leaf of CIC

leaf of MEG

Figure 3. Photos of organ samples. Leaf of CIC—a group of Camphor Tree leaf samples; leaf of
MEG—a group of Dawn redwood leaf samples.

2.3.2. Branch Collection and Sample Preparation

The diameter of a tree’s branches significantly affects its capacity to intercept rainwa-
ter [39]. Therefore, based on the growth patterns of their branches, the trees were classified
into three classes. Regarding the branches of the 10 tree species in this study, the diameter
of the first class ranges from 1.38 cm to 3.68 cm, the second class ranges from 0.81 cm to
2.09 cm, and the third class ranges from 0.18 cm to 0.99 cm (Table 2).
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Table 2. Branch diameter values of the ten tree species under study.
Diameter of Branch (cm)
Tree Species
First Class Second Class Third Class
Golden Rain Tree 1.78-2.21 0.92-1.29 0.29-0.51
London Planetree 2.09-2.92 1.03-1.41 0.31-0.69
Japanese zelkova 1.38-2.98 0.81-1.09 0.18-0.56
Camphor Tree 2.54-3.68 1.37-2.09 0.59-0.99
Japanese blueberry tree 2.04-3.29 0.93-1.74 0.49-0.71
Glossy privet 2.22-3.52 1.01-1.88 0.32-0.80
Southern magnolia 2.01-3.42 1.23-1.88 0.58-0.99
Fragrant tea olive 2.22-291 1.07-1.78 0.34-0.79
Deodar cedar 2.27-3.04 0.81-1.64 0.18-0.41
Dawn redwood 1.91-3.28 1.02-1.45 0.22-0.67

Branch samples were collected from selected specimen trees of a specific tree species
before each simulated rainfall experiment. The branch samples were sorted and cut
according to their classifications after their leaves were removed. Each class of branch
samples was standardized to a length of 10 cm (Figure 4), with three branches for each of
the three classes, resulting in a total of 90 branch samples for each rainfall experiment. The
cross sections of the branch samples were sealed with impermeable silica gel to prevent
water from entering the xylem during the rainfall test. A total of 3600 branch samples were
collected for 40 rainfall events in this study.

First=class
.

Seco -claks Third-class

Second-class Third-class

First-class

Figure 4. Photos of branch samples. Branch of ELD—a group of Japanese blueberry tree branch
samples with three first-class branches, three second-class branches, and three third-class branches;
Branch of ZES—a group of Japanese zelkova branch samples with three first-class branches, three
second-class branches, and three third-class branches.
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2.3.3. Bark Collection and Sample Preparation

The bark samples were cut from the stem phloem of specimen trees. Each sample had
a side length ranging from 3 cm to 5 cm. We collected 30 bark samples from a specific tree
species for each rainfall experiment. Except for the outer surface of the bark samples, the
other five surfaces were sealed with impermeable silicone to prevent water from entering
the xylem during the rainfall test. A total of 1200 bark samples were collected for 40 rainfall
events in this study.

2.4. Artificial Rainfall Simulation System

We designed and constructed an artificial simulation rainfall system (ARSS, Figure 5),
which was established using a variable frequency water pump, nozzle, pipe, and water
tank. The variable frequency water pump and nozzle controlled the water pressure and
angle, enabling it to provide a range of rainfall intensities from 4 mm/h to 16 mm/h.

= <o =45°

=

m|

G—— Pipe

Nozzle nozzle angle

4.00m

A 6.00m =

Figure 5. Artificial rainfall simulation system (ARSS). Note: 1. Water pipe, ¢ = 15 mm; 2. variable
frequency water pump, power 900 W; 3. suction pipe, ¢ =25 mm; 4. water tank, volume = 500 L;
5. outlet nozzle; 6. outer frame of simulated rainfall, 6m x 4 m x 10 m.

Based on an analysis of 30 years of data on rainfall in Shanghai, it was observed that
approximately 90% of rainfall events had an intensity of less than 4 mm /h [44,45], and
that of rainstorms was at least 16.0 mm/h [39,40]; hence, for our study, we selected rainfall
intensities of 4 mm/h, 8 mm/h, 12 mm/h, and 16 mm/h.

Additionally, in order to maximize rainwater interception by tree organs, previously,
some researchers [16,36,46] have conducted rainfall duration experiments ranging from
10 min to 150 min, and according to the Chinese drainage design standards [47] and
the results of a study of rainfall duration in Shanghai [48], rainfall duration ranges from
10 min to 180 min. Considering the results of the above-mentioned study and the Chinese
standards, to ensure that every organ reached its peak of rainwater interception, we set the
rainfall duration to 180 min.
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Rainfall, along with its uniformity, was measured using a rainfall gauge (Davis 7825,
CA, USA). The actual evenness of the 40 rainfall events ranged from 90.4% to 94.4%. The
average actual rainfall intensities of 4 mm/h, 8 mm/h, 12 mm/h, and 16 mm/h were
423 £0.32 mm, 8.26 £ 0.17 mm, 12.09 £ 0.59 mm, and 16.25 £ 0.46 mm, respectively
(Table 3). The results showed that the distribution of rainfall was uniform and that it met

the test requirements.

Table 3. Simulated rainfall information.

Set Rainfall Average Actual Rainfall Rainfall
No. Tree Intensity Rainfall Intensity =~ Uniformity Time
(mm/h) (mm/h) (%) (min)
1 4 4.32 90.4 180
2 Golden Rain 8 8.13 91.2 180
3 Tree 12 11.68 92.1 180
4 16 16.53 91.7 180
5 4 4.42 90.4 180
6 London 8 8.31 91.2 180
7 Planetree 12 11.18 92.1 180
8 16 15.79 91.5 180
9 4 3.48 90.2 180
10 Japanese 8 8.51 91.2 180
11 zelkova 12 12.38 92.1 180
12 16 16.57 91.9 180
13 4 4.51 90.4 180
14 Camphor 8 8.23 91.2 180
15 Tree 12 11.68 92.1 180
16 16 15.33 91.1 180
17 4 4.46 90.4 180
18 g’z;lpasese 8 8.04 912 180
19 ueberry 12 11.81 92.1 180
20 tree 16 15.73 91.4 180
21 4 4.25 90.4 180
22 Glossv privet 8 8.48 91.2 180
23 yp 12 11.82 92.1 180
24 16 16.44 91.6 180
25 4 4.28 90.4 180
26 Southern 8 8.17 91.2 180
27 magnolia 12 12.82 92.1 180
28 16 16.71 94.4 180
29 4 4.24 91.2 180
30 Fragrant tea 8 8.48 92.1 180
31 olive 12 11.67 90.4 180
32 16 16.48 91.2 180
33 4 3.79 91.2 180
34 8 8.11 92.1 180
35  Deodarcedar 12 13.01 90.4 180
36 16 16.17 91.2 180
37 4 4.52 92.1 180
38 Dawn 8 8.14 90.4 180
39 redwood 12 12.84 91.2 180
40 16 16.79 92.3 180
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2.5. Experimental Design

We conducted 40 simulated rainfall experiments using ARSS, considering 4 rainfall
intensities for each tree species. To minimize the chances of the tree organs being affected
by wilting and/or sunburn during in vitro sampling, the sampling and experiments were
conducted in late summer and early autumn. The specific time was from September to
November in 2018 and 2019.

For each rainfall experiment, we prepared 10 groups of leaves, with each group
containing 10 leaf samples. We also prepared 10 groups of branches, with each group
containing 9 branch samples. Additionally, we prepared 10 groups of bark, with each group
containing 3 bark samples.

The experimental procedure for testing rainwater interception process and capacity
involves a series of steps. First, the average fresh weight (FW, g) and area (A) of each
sample group were measured. Secondly, a predetermined rainfall intensity was established,
and 10 groups of leaves, 10 groups of branches, and 10 groups of bark were placed in ARSS.
Thirdly, the ARSS was activated and remained in operating mode. We extracted one group
of leaves, one group of branches, and one group of bark at each rainfall time interval (5, 10,
20, 30, 50, 70, 90, 120, 150, and 180 min, respectively). Then, the weight of organ samples
with rainwater (RW, g) was measured immediately after extraction. The organ rainwater
interception at rainfall time f (I;, mm) was calculated as follows:

I; = 10(RW; — FW)/A 1)

where:

I represents the rainwater interception of organ at time ¢ (mm), RW; represents the
organ weight with rainwater at time ¢ (g), FW represents the flesh weight of organ sample
(g), A represents the area of organ surface, and t represents the rainfall time (min).

The capacity of rainwater interception will increase with the duration of rainfall.
However, it is not clear what the maximum capacity of rainwater interception is because the
value continues to rise even after the experiment ended [14,15,20]. This study introduces
an adsorption kinetic equation to address this issue. The equation accurately predicts
rainwater interception via a calculation.

The specific analysis methods are as follows: Origin 2018 software was used to fit
curves. Firstly, we input the I; value into Origin. Then, we used the pseudo-first-order
adsorption kinetic equation (Formula (2)) and the pseudo-second-order adsorption kinetic
equation (Formula (3)) as our curve fitting functions in the Origin software, respectively.
Lastly, we executed the calculation in the software and waited for the result to be generated.
The results concluded the following parameters: rainwater interception capacity (I.), the
rate constant of the pseudo-first-order adsorption kinetic equation (Kj), the rate constant of
the pseudo-second-order adsorption kinetic equation (Kj). The pseudo-first-order kinetic
model assumes that rainwater interception is controlled by diffusion steps, while the
pseudo-second-order kinetic model assumes that rainwater interception is controlled by a
chemical adsorption mechanism.

The pseudo-first-order adsorption kinetic equation is as follows:

The pseudo-second-order adsorption kinetic equation is as follows:

T ©)

L~ k2L
where:
I, represents the rainwater interception capacity (mm), I; represents the rainwater
interception at time t (mm), K; represents the rate constant of the pseudo-first-order
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adsorption kinetic equation, K; represents the rate constant of the pseudo-second-order
adsorption kinetic equation, ¢ represents the rainfall time (min).

After the fitting curves, we obtained the value of the correlation coefficient (R?) of the
pseudo-first-order and pseudo-second-order adsorption kinetic equation. The correlation
coefficient (R?) has a value ranging from 0 to 1. The closer the value of R? is to 1, the better
the equation explains the process of rainwater interception by organs. According to the
correlation coefficient (R?), we could select the most appropriate fitting equation, and the
rainwater interception capacity of organs could be calculated by the better equation.

2.6. Statistical Analysis

An analysis of variance (ANOVA) was used to compare the average rainwater inter-
ception of different organs, and this analysis was conducted using SPSS 26.0 (Microsoft,
Redmond, DC, USA). If the significance value (p) was less than 0.05, that meant that there
were significant differences between the three organs.

3. Results
3.1. Dynamic Analysis of Rainwater Interception Process of Tree Organs

The fitting lines of the pseudo-first-order adsorption kinetic equation and the pseudo-
second-order adsorption kinetic equation for organ rainwater interception are shown in
Figures 6-8. The fitting lines of the pseudo-second-order adsorption kinetic equation
are more consistent with the process of rainwater interception. In the first 50 min, the
interception of rainwater increased rapidly; after that, the rate of increase gradually slowed
down and eventually reached a state of equilibrium.

0.10 - R
0.05 .. - 008 . " 010]
0.07 A
. 0.08
3 0.04 0.06{ # 0.08
:E' 0.06 1 0.05 1
. KOP 0.03 1 . ZES 0.06 4 « CiC
0.04 2nd-Order 2"-Order 0,04 A 2nd-Order i 2nd-Order
. - -- 1t-Order 0.02 4 - - - 1*-Order - -- 1%t-Order - - - 1%-Order
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (min) Time (min) Time (min) Time (min)
0.12 0.08 0.08 | 0.09
. 0.10 s =
£ o008 0:06.1 0.06
— 0.06 1 — 0.04 1 ]
0.04 = ELD : = LIL ! = MAG 0.03
J ! 2n-Order 2M-Ordet 0.024 1 2n-Order ~ 1% 2"d-Order
0.02 1 - -~ 1-Order 0.02 | i - -~ 1%t-Order h - == 1%t-Order - - - 1st-Order
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (min) Time (min) Time (min) Time (min)
T
E

2nd.order 0.12 ) 2d-Order
- -~ 1%-Order - -~ 1%t-Order

1
0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)

Figure 6. Leaf rainwater interception process fitting. Note: I—rainwater interception (mm); 1st-
order—the pseudo-first-order adsorption kinetic equation; 2nd-order—the pseudo-second-order ad-
sorption kinetic equation; KOP—Golden Rain Tree; PCA—London Planetree; ZES—]Japanese zelkova;
CIC—Camphor Tree; ELD—Japanese blueberry tree; MAG—Southern magnolia; OSF—Fragrant tea
olive; CED—Deodar cedar; MEG—Dawn redwood.
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Figure 7. Branch rainwater interception process fitting. Note: I—rainwater interception (mm); 1st-
order—the pseudo-first-order adsorption kinetic equation; 2nd-order—the pseudo-second-order ad-
sorption kinetic equation; KOP—Golden Rain Tree; PCA—London Planetree; ZES—]Japanese zelkova;
CIC—Camphor Tree; ELD—Japanese blueberry tree; MAG—Southern magnolia; OSF—Fragrant tea
olive; CED—Deodar cedar; MEG—Dawn redwood.

0.45 0.50 -
: . 1.20 :
" 0.40 1.20
_. 035 1.05 1.05
E 0.30 !
£ 0.25 0.90 0.90
g o 0.20 0.75 0.75
0.15 ' ; 2"-Order .10 { ' 20d.0rder  0-60 __2ndorder 0.60 M — 2"-Order
0.05 — -~ 1%t-Order ---1%-Order (045 : - - - 1%t-Order 0.45 - - 1%t-Order
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (min) Time (min) Time (min) Time (min)
0.40 . .
0.30 . 0.40 0.45 s
0.25 7
= 0.30 0.35
g 0.20 0.30
= 015 0.20 025
0.10 « L 0.20 0.15 1" « ELD
' 2d-Order 0.10 L —— 2n-Order : — 2n-Order — 2"-Order
0.05 - 1tOrder " - - - 1%t-Order 0.10 -- 1%-Order (.05 - - 1%-Order
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (min) Time (min) Time (min) Time (min)
= g 0.60 . &
g 0
E o080 0.50
~ 070
0.40
160 « CED + MEG
0.50 — 2M-Order i — 2M-Order
0.40 i - - 1%t-Order 0.30 - - 15t-Order
“70 50 100 150 200 0 50 100 150 200
Time (min) Time (min)

Figure 8. Bark rainwater interception process fitting. Note: [—rainwater interception (mm); 1st-
order—the pseudo-first-order adsorption kinetic equation; 2nd-order—the pseudo-second-order ad-
sorption kinetic equation; KOP—Golden Rain Tree; PCA—London Planetree; ZES—Japanese zelkova;
CIC—Camphor Tree; ELD—]Japanese blueberry tree; MAG—Southern magnolia; OSF—Fragrant tea
olive; CED—Deodar cedar; MEG—Dawn redwood.
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3.2. Analysis of Dynamic Parameters of Rainwater Interception by Tree Organs

To analyze the variation in rainwater interception among different types of leaves over
time, we calculated the average values for four simulated rainfall events based on 10 time
intervals. Each average value was based on 40 leaves, 36 branches, and 12 bark samples.
The fitting of the curves for rainwater interception and time of leaves was carried out using
pseudo-first-order and pseudo-second-order dynamic equations. The results are shown in
Tables 4-6.

Table 4. Leaf rainwater interception adsorption kinetic fitting parameters of different tree species.
I, represents the rainwater interception at equilibrium (mm); K; represents the rate constant of the
pseudo-first-order adsorption kinetic equation; K; represents the rate constant of the pseudo-second-
order adsorption kinetic equation; R? represents the coefficient of determination (ranging from 0 to 1).
The closer R? is to 1, the better the fitting equation can explain the changes in rainwater interception.

Pseudo-First-Order Pseudo-Second-Order
Tree
I, (mm) k1 R? I, (mm) k> R?
Golden Rain Tree 0.08 0.10 0.50 0.09 0.015 0.74
London Planetree 0.04 0.18 0.44 0.05 0.053 0.76
Japanese zelkova 0.07 0.18 0.53 0.07 0.038 0.76
Camphor Tree 0.09 0.16 0.56 0.10 0.023 0.77
Japanese blueberry tree 0.10 0.05 0.89 0.12 0.005 0.95
Glossy privet 0.07 0.07 0.83 0.08 0.013 091
Southern magnolia 0.07 0.04 0.54 0.08 0.008 0.71
Fragrant tea olive 0.07 0.07 0.79 0.07 0.011 0.89
Deodar cedar 0.32 0.30 0.30 0.34 0.017 0.74
Dawn redwood 0.15 0.31 0.75 0.15 0.048 0.92

Table 5. Branch rainwater interception adsorption kinetic fitting parameters of different tree species.
I, represents the rainwater interception at equilibrium (mm); K; represents the rate constant of
the pseudo-first-order adsorption kinetic equation; K, represents the rate constant of the pseudo
second-order adsorption kinetic equation; R? represents the coefficient of determination (ranging
from 0 to 1). The closer R? is to 1, the better the fitting equation can explain the changes in rainwater

interception.
Pseudo-First-Order Pseudo-Second-Order
Tree
I, (mm) k1 R? I, (mm) Iy R?
Golden Rain Tree 0.15 0.15 0.38 0.16 0.012 0.66
London Planetree 0.15 0.13 0.49 0.17 0.010 0.75
Japanese zelkova 0.14 0.23 0.49 0.15 0.025 0.80
Camphor Tree 0.20 0.17 0.89 0.22 0.013 0.98
Japanese blueberry tree 0.12 0.12 0.66 0.13 0.012 0.87
Glossy privet 0.16 0.11 0.54 0.18 0.008 0.80
Southern magnolia 0.14 0.16 0.57 0.15 0.016 0.84
Fragrant tea olive 0.13 0.14 0.61 0.14 0.014 0.84
Deodar cedar 0.23 0.17 0.55 0.24 0.011 0.84
Dawn redwood 0.21 0.10 0.72 0.23 0.006 0.90

The fitting results indicate that the pseudo-second-order kinetic model has a higher
correlation coefficient (R?) compared to the pseudo-first-order kinetic model when fitting
the process of organ rainwater interception. This suggests that the process of organ rainwa-
ter interception and adsorption aligns better with the pseudo-second-order kinetic equation,
indicating that the adsorption process is similar to chemical adsorption [49].
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Table 6. Bark rainwater interception adsorption kinetic fitting parameters of different tree species.
I, represents the rainwater interception at equilibrium (mm); K; represents the rate constant of the
pseudo-first-order adsorption kinetic equation; K, represents the rate constant of the pseudo-second-
order adsorption kinetic equation; R? represents the coefficient of determination (ranging from 0 to 1).
The closer R? is to 1, the better the fitting equation can explain the changes in rainwater interception.

Pseudo-First-Order Pseudo-Second-Order
Tree
I, (mm) k1 R? I, (mm) ko R?
Golden Rain Tree 0.36 0.08 0.69 0.34 0.003 0.89
London Planetree 0.42 0.06 0.71 0.47 0.002 0.86
Japanese zelkova 1.05 0.10 0.66 1.16 0.001 0.87
Camphor Tree 1.13 0.12 0.88 1.22 0.001 0.94
Japanese blueberry tree 0.41 0.10 0.53 0.45 0.003 0.77
Glossy privet 0.25 0.07 0.77 0.29 0.003 0.89
Southern magnolia 0.35 0.08 0.67 0.44 0.002 0.90
Fragrant tea olive 0.34 0.11 0.64 0.37 0.004 0.86
Deodar cedar 0.82 0.15 0.64 0.88 0.002 0.87
Dawn redwood 0.53 0.17 0.63 0.54 0.004 0.88

3.3. Rainwater Interception in Different Tree Organs

In this section, we analyze the differences in average organ rainwater interception
values among the ten trees that were tested. The aim was to characterize the variations in
rainwater interception capacity among different organs of common trees in urban areas,
as well as to compare and analyze the differences in rainwater interception among the ten
tree species.

According to the calculation results of the pseudo-second-order adsorption kinetic
equation (Tables 4-6), the rainwater interception capacity of the leaves from the ten urban
trees ranged from 0.05 mm to 0.34 mm. The Deodar cedar leaves exhibited the highest
rainwater interception capacity, whereas the London planetree leaves showed the lowest
capacity. The rainwater interception capacity of two coniferous trees was greater than that
of broad-leaved trees. The rainwater interception capacity of 10 urban tree branches ranged
from 0.13 mm to 0.24 mm. The branches of the Deodar cedar had the highest rainwater
interception capacity, while the branches of the Japanese blueberry tree had the lowest
rainwater interception capacity. The rainwater interception capacity of two coniferous tree
branches was higher than that of broad-leaved tree branches. The rainwater interception
capacity of ten urban tree barks ranged from 0.29 mm to 1.22 mm. The Camphor tree bark
exhibited the highest rainwater interception capacity, whereas the Glossy privet bark had
the lowest capacity.

The mean rainwater interception values in different organs of the ten tested trees
were significantly different (p < 0.05). Additionally, there were significant differences
between the bark and leaf, as well as between the bark and branch (p < 0.05). The rainwater
interception in bark was significantly greater than that in the leaves and branches, but there
was no significant difference between the leaves and branches. Specific to each tree species,
the results of our analysis of variance regarding the rainwater interception in different
organs (Figure 9) showed that, for Deodar cedar, the order of rainwater interception in
the organs was as follows: bark > leaves > branches. For the other nine tree species,
the order of rainwater interception was as follows: bark > branches > leaves. Duncan’s
multiple comparison results showed that there were two types of differences in rainwater
interception among the ten tree organs. One finding was that there was no significant
difference in rainwater interception between leaves and branches, but there were significant
differences between them and bark (p < 0.05). This was observed in various tree species,
including Golden rain Tree, Japanese blueberry tree, and Deodar cedar. The other reason
was that there were significant differences in rainwater interception among the leaves,
branches, and bark (p < 0.05), including for London planetree, Japanese zelkova, Camphor
tree, Glossy privet, Fragrant tea olive, and Dawn redwood.
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Figure 9. Mean rainwater interception values in different organs of ten species. Note: a, b, c—the
same letter indicates no significant difference, and different letters indicate a significant differ-
ence. KOP—Golden Rain Tree; PCA—London Planetree; ZES—Japanese zelkova; CIC—Camphor
Tree; ELD—Japanese blueberry tree; MAG—Southern magnolia; OSF—Fragrant tea olive; CED—
Deodar cedar; MEG—Dawn redwood; Dec.—Deciduous broad-leaved; Eve.—Evergreen broad-
leaved; Con.—Coniferous.

The results of our analysis of variance (Figure 9) showed that the order of leaf rainwa-
ter interception capacity was as follows: coniferous > evergreen broad-leaved > deciduous
broad-leaved. The rainwater interception capacity of coniferous trees was significantly
higher than that of deciduous broad-leaved and evergreen broad-leaved trees (p < 0.05).
However, there was no significant difference between deciduous broad-leaved and ever-
green broad-leaved trees (p > 0.05). The order of rainwater interception capacity was as
follows: coniferous > deciduous broad-leaved > evergreen broad-leaved. The rainwater
interception capacity of coniferous trees was significantly higher than that of deciduous
broad-leaved and evergreen broad-leaved trees (p < 0.05). However, there was no signif-
icant difference between the rainwater interception capacity of deciduous broad-leaved
and evergreen broad-leaved trees (p > 0.05). The order of bark rainwater interception
capacity was as follows: coniferous > deciduous broad-leaved > evergreen broad-leaved.
The rainwater interception capacity of coniferous branches was significantly higher than
that of deciduous broad-leaved and evergreen broad-leaved trees (p < 0.05). There was no
significant difference in bark rainwater interception capacity among the three life forms.

4. Discussion

The capacity of tree organs to intercept rainwater is a result of the long-term evolution-
ary process, which is influenced by rainfall characteristics and the tree’s living environment.
This capacity reflects how effectively tree organs utilize rainwater and emphasizes the role
of trees in the water cycle.

4.1. Differences in Rainwater Interception Capacity among Tree Species’ Organs

In this study, significant variations were observed in the rainwater interception capac-
ity of organs among the different tree species that were tested. The rainwater interception
capacity of leaves from 10 tree species ranged from 0.05 mm (London planetree) to 0.34 mm
(Deodar cedar). The rainwater interception of branches ranged from 0.13 mm (Japanese
blueberry tree) to 0.24 mm (Deodar cedar). The rainwater interception capacity of bark
ranged from 0.29 mm (Glossy privet) to 1.22 mm (Camphor tree). This is similar to the
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findings of previous studies on the rainwater interception capacity of leaves and branches
in different tree species, such as slash pine (Taxodium ascendens), blue fruit tree [13], Pinus
densiflora [4], and Eucalyptus [15,20]. There are three reasons for the variation in rainwater
interception capacity among the different trees. Firstly, the surface characteristics of organs
in different tree species can cause differences in rainwater interception capacity. Bark
and branches are thicker than leaves, providing more space for water storage to intercept
rainfall [13]. Additionally, the rough surface of the bark and branches helps to retain water.
In contrast, the leaf surface is smoother, and the petiole cannot hold the leaf when there
is excessive water on the leaf surface. These two reasons allow water droplets to slip off
the leaf surface [16,26]. Secondly, the use of different measurement methods can also lead
to discrepancies. Some studies have shown that the amount of rainwater interception
capacity, as measured using artificial simulated rainfall, is higher than that measured using
the immersion method [19,27,29,32,50]. Additionally, different intensities of artificially
simulated rainfall can also yield varying measurement results [39,51,52].

4.2. Differences in Rainwater Interception Capacity among Different Tree Organs

In this study, the results regarding the rainwater interception of different organs
of 10 trees were as follows: the average rainwater interception of leaves was 0.12 mm
(£0.08), the average rainwater interception of branches was 0.18 mm (£0.05), and the
average rainwater interception of bark was 0.64 mm (£0.33). The order of the rainwater
interception ability of the leaves, branches, and bark was as follows: bark > branches >
leaves. There was no significant difference in rainwater interception between leaves and
branches. However, there were significant differences between bark and leaves (p < 0.05),
as well as between bark and branches (p < 0.05). Additionally, the rainwater interception
of bark was significantly greater than that of the leaves and branches, consistent with
previous research findings. In the studies of Liu [13], Herwitz [20], Aston [15], Llorens [4],
the rainwater interception of leaves ranged from 0.01 mm to 0.10 mm, and in the studies
of Liu [13] and Llorens [4], the rainwater interception of branches and bark ranged from
0.48 mm to 1.26 mm. These results showed that the rainwater interception of rainwater in
branches and bark was higher than that in leaves [53] because the rainwater interception of
rainwater in branches and bark was higher than that in leaves [4,13] in terms of unit area
and crown surface area [20]. Regarding the results of the present study, there are two laws
for the rainwater interception values of the different organs of the ten specific tree species:
The first is that there is no significant difference in rainwater interception between leaves
and branches, and there are significant differences between leaves and bark and between
branches and bark (p < 0.05), and the rainwater interception of bark is significantly greater
than that of leaves and branches, including in Golden rain tree, Japanese blueberry tree,
Southern magnolia, Deodar cedar. The second law pertains to rainwater interception. The
order of rainwater interception was as follows: bark > branches > leaves. These results held
true for Platanus acerifolia, Zelkova, Deodar cedar, Glossy privet, Fragrant tea olive, and
Dawn redwood. The latter law is similar to the findings reported in the existing research.
Herwitz [20] conducted a study on mature Eucalyptus in similar areas. The results of the
study showed that the rainwater interception capacity of branches was significantly greater
than that of leaves. Previous research on coniferous trees has also shown that the rainwater
interception capacity of branches and bark is significantly greater than that of leaves [4,13].

4.3. Differences in Rainwater Interception Capacity of Different Life Forms of Tree Species

Among the ten tree species tested in this study, the order of rainwater interception
based on trees’ leaves, branches, and bark was as follows: coniferous trees > broad-leaved
trees. There was a significant difference in the rainwater interception of leaves among
tree species of different life forms [4,13,23-25]. This finding is consistent with previous
studies reporting that coniferous tree species have a greater ability to intercept rainwater
compared to broad-leaved tree species. However, there was no significant difference in
rainwater interception between broad-leaved forests and coniferous forests [4,13,14,20,22].
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The reasons why coniferous leaves have a stronger rainwater interception ability compared
to broad-leaved trees are as follows: Firstly, coniferous leaves have been found to have a
stronger rainwater interception ability. The reason for this is that coniferous leaves have
less surface area than broad leaves, so they intercept more rainwater per unit area. Another
reason is that coniferous trees, such as the Deodar cedar, have 10-15 needle-like leaves
growing together and in a funnel-like shape; this unique structure allows them to hold
water droplets, enabling coniferous leaves to intercept more rainwater [14,15,27]. Secondly,
the growth structure of coniferous leaves is mostly clustered, which leads to raindrops being
trapped between two or more coniferous needles [4], thereby increasing their rainwater
interception capacity.

4.4. Differences between the Rainwater Interception Capacity Values of Tree Organs in Urban and
Natural Areas

In this study, the interception of rainwater by the leaves of broad-leaved trees ranged
from 0.05 mm to 0.12 mm, which is consistent with the findings of Aston [15] and Her-
witz [20], who studied the rainwater interception of tropical broad-leaved trees
(0.01 mm-0.18 mm). In this study, the leaf rainwater interception of coniferous tree species
ranged from 0.15 mm to 0.36 mm. The results of previous studies on the leaf rainwater
interception of various coniferous tree species, including Slash pine (Pinus elliottii) [13],
Bald cypress (Taxodium ascendens) [13], Scots pine (Pinus sylvestris) [4], Monterey Pine (Pinus
radiata) [23], Maritime pine (Pinus pinaster) [24], and Sitka spruce (Picea sitchensis) [25],
show that leaf rainwater interception for the aforementioned trees ranges from 0.10 mm
to 0.16 mm.

According to the research findings on selected tree species, urban common coniferous
trees have a higher rainwater interception capacity compared to natural coniferous trees.
This finding aligns with previous research that shows that urban tree species have a
higher overall rainwater interception rate compared to natural areas [6,54]. According
to the results of this experiment and existing research, we can explain the differences in
the rainwater interception capacity and natural area of urban tree organs in this study
from two aspects. One aspect is the difference in the morphological structures of the tree
organs. In response to changes in urban air quality and rainfall patterns, as well as the
impact of artificial pruning, urban trees undergo various changes in plant physiology,
morphological structure, and even the surface structure of their organs. These changes
result in alterations in their capacity to intercept rainwater. Another factor is the variability
in rainfall conditions, which varies across different studies. In this study, rainfall intensity
was simulated to mimic urban rainfall characteristics. However, in studies on rainwater
interception by trees in natural environments, due to experimental limitations and varying
objectives, most studies use a higher rainfall intensity. Nonetheless, there are only slight
differences in the results. The findings of this study indicate that increasing or decreasing
rainfall intensity to a certain extent can affect the rainwater interception of trees. This is
one of the reasons why the rainwater interception values reported in this study differ from
those of studies on trees in natural areas.

5. Conclusions

The results of this study demonstrate that significant variation exists among the
rainwater interception capabilities of different tree species. In our study, bark exhibited
the greatest rainwater interception ability, while there was no significant difference in
rainwater interception ability between the branches and leaves of the ten selected species.
Coniferous tree species have a greater ability to intercept rainwater than broad-leaved tree
species. There are also differences in terms of rainwater interception ability between trees
in urban areas and those in natural areas, which may be attributed to the differences in the
physiological and morphological characteristics of these areas’ trees.

To gain a deeper understanding of the mechanisms and functions of tree rainwater
interception, future research should focus on the rainwater interception strategies employed
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by various tree species in different habitats. Additionally, it is important to examine the
internal and external factors that influence rainwater interception.
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