7 land

Article

Comparing the Urban Floods Resistance of Common Tree
Species in Winter City Parks

Chang Zhai !, Zhonghui Zhang >*, Guangdao Bao >*, Dan Zhang !, Ting Liu 2, Jiaqi Chen !, Mingming Ding ?,
Ruoxuan Geng ! and Ning Fang !

check for
updates

Citation: Zhai, C.; Zhang, Z.; Bao, G.;
Zhang, D.; Liu, T.; Chen, J.; Ding, M,;
Geng, R.; Fang, N. Comparing the
Urban Floods Resistance of Common
Tree Species in Winter City Parks.
Land 2022, 11, 2247. https://doi.org/
10.3390/land11122247

Academic Editors: Zhifang Wang,
Salman Qureshi, Guangsi Lin,
Mohammed Almahood and
Wenwen Cheng

Received: 11 November 2022
Accepted: 8 December 2022
Published: 9 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Landscape Architecture, Changchun University, Changchun 130022, China
Institute of Forest Management, Jilin Provincial Academy of Forestry Sciences, Changchun 130033, China
*  Correspondence: zzhgiszzh@163.com (Z.Z.); bao-gd@126.com (G.B.)

2

Abstract: The rapid urbanization process and high-intensity construction mode have greatly changed
the underlying surface structure and spatial distribution of the natural land surface, further amplified
the possibility of urban floods, and made urban security face more serious threats. Urban forest
could help to mitigate urban floods through water holding and interception by its unique structures,
especially the litter layer. This paper compared the ability of different forest tree species on urban
floods mitigation, through analyzing their litter accumulation, litter water holding characteristics,
and water interception features of different decomposed layers. The results concluded that Quercus
mongolica Fisch. ex Ledeb. (QM) forest, Betula platyphylla Sukaczev (BP) forest, Larix gmelinii (Rupr.)
Kuzen. (LG) forest, and Picea koraiensis Nakai (PK) forest were the best choices for improving
urban floods resistance in a high-urbanization winter city, for they had larger litter mass and higher
maximum water holding and interception capacity. The corresponding results of this study could
help environmental management departments worldwide in the selection of tree species in urban
greening projects focusing on urban flood control.

Keywords: hydrological characteristics; litter accumulation; urban floods; urban forest

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) sixth assessment report (AR6)
stated that human-induced climate change, including more frequent and intense extreme
events, has caused widespread adverse impacts and related losses and damages to nature
and people [1]. Among this, heavy precipitation events were one of the climate and weather
extremes that had widespread, pervasive impacts on ecosystems, people, settlements, and
infrastructure [2,3]. For example, extreme rainfall, which was enhanced by the moisture
influx ahead of Typhoon In-fa, hit Henan province in central China from 17 to 21 July
2021. The most severely affected area was around the city of Zhengzhou (the capital of
Henan Province), which, on 20 July, received 201.9 mm of rainfall in one hour (a Chinese
national record) and 382 mm in 6 h. For the event as a whole, the area received 720 mm,
more than its annual average. The city experienced extreme flash flooding, with many
buildings, roads, and subways inundated. The flooding was associated with 380 deaths or
missing persons, and economic losses of USD 17.7 billion were reported [1,4]. Moreover,
from mid to late July to August 2021, Jincheng city in Shanxi Province, Suizhou city
in Hubei Province, and Lantian city in Shaanxi Province experienced extremely heavy
rainfall, causing serious urban flooding. The direct economic loss in China was USD
35.13 billion in 2021 [5]. Consequently, strengthening the ability to prevent urban flood
disasters has become an important issue of sustainable urban development and the UN’s
2030 Sustainable Development Goals (SDGs) under the topic of sustainable cities and
human settlements [6].

Frequent urban floods have brought more and more negative effects on urban infras-
tructure and economy [7-10]. It is a natural phenomenon in which heavy rain falls on the
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complex underlying surface of the city and the runoff cannot be discharged in time, thus
causing surface water accumulation [11-13]. Urbanization-induced construction changes
its micro-topography, which may hinder urban flood management [7]. Specifically, the
manmade land covers destroy the original urban hydrological cycle, which impedes the
natural infiltration of rainwater and reduces the storage capacity of the underlying urban
surface [8]. Previous studies concluded that urban floods are caused by both natural and
human factors [14,15]. In terms of natural factors, extreme precipitation events caused by
climate change significantly increase the probability of floods [8,12,16]. More importantly,
in recent years, the precipitation in many cities has been significantly higher than that
in surrounding suburbs, forming the “urban rain island” effect, which has made urban
flooding events occur more frequently [8]. In addition to uncontrollable natural factors,
unreasonable territorial space planning is also an important cause of urban floods [17].
The rapid increase in urban impervious surfaces has made it difficult for surface runoff
to penetrate and has weakened the rainwater regulation ability of the ecosystem [18]. It
was proved that there is a significant correlation between impervious surface density and
flood probability [19]. The formation from rainfall to flood is a nonlinear complex physical
process, which is affected by multiple factors [20-22], among which the spatial pattern of
the urban underlying surface is one of the important influencing factors [19,23].

Some concepts aiming to mitigate urban floods have been put forward in many coun-
tries, for instance, the “Best Management Practice” from the United States, the “Sustainable
Drainage System” of the United Kingdom, the “Low Impact Development” from New
Zealand, the “Water Sensitive City” from Australia [24-27], and the “Sponge City” of
China [28-30], while the application of green infrastructure is the main part for imple-
menting such concepts [20,22,31]. Urban forest is the ecological infrastructure that the
urban system depends on and plays important roles in the urban hydrological cycle [32,33].
On the one hand, the forest ecosystem realizes the redistribution and effective regulation
of atmospheric precipitation through its lush canopy [32,34,35]; on the other hand, the
developed shrub layer, the dense forest litter layer, and the loose and deep soil layer in the
forest ecosystem play a role in regulating and storing the water process, creating a superior
environment for the interception and storage of precipitation, and playing the unique water
conservation function [36,37]. However, the forest canopy and trunk will reach saturation
under a high intensity or large amount of rainfall. In this case, the litters play the main
part in its powerful function of rainwater regulation and storage. However, the litters are
usually cleaned up and disposed as garbage under the cities” environmental cleanliness
requirements, especially for the litters along the roads and in the communities [38]. Never-
theless, the mitigation of urban flood resistance ability can be released by litters in urban
parks [39]. The forests existing in urban parks are managed well, and the litters can be
a strong weapon to defend against urban flooding events. Under such circumstances, a
comparison or ranking of different tree species on litters” water retention ability at different
rainfall scenarios is essential for the future construction of water conservation forest in
urban land.

In this paper, Changchun city, which is a typical winter city undergoing rapid ur-
banization, was selected as the study area. Winter cities are a special urban group in the
Northern Hemisphere characterized by long harsh winters (i.e., mean January tempera-
tures below —18 °C) and usually unique forest landscapes [40,41]. We analyzed the litter
accumulative amount, water holding, and interception characteristics of 14 tree species,
and revealed their suitability for selection as urban flood resistance, by means of field inves-
tigation, laboratory experiment, and statistical analysis. Moreover, our research attempted
to provide some useful suggestions to assist environmental management departments in
selecting proper tree species if they try to use urban trees as an urban-flood-resistant tool.
The findings are also applicable to other cities with similar climate conditions that are
suffering or will experience disasters caused by heavy rains. Specifically, the objectives of
this study were: (1) to determine the litter accumulation difference among different tree
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species; (2) to identify their water hydrological characteristics, and (3) to make a suggestion
on tree species selection for urban flood mitigation.

2. Materials and Methods
2.1. Study Area

Changchun city (43°05'-45°15' N; 124°18'-127°05 E) is the capital of Jilin Province,
located in the middle latitude of the Northern Hemisphere, the hinterland of the Northeast-
ern Plain of China [42]. The built-up area is 543 km?, with a population of 4.468 million at
the end of 2020. Changchun is located in the warm temperate zone, which is a continental
monsoon climate area, with an annual average temperature of 7.1 °C, annual precipitation
of 662 mm, and annual sunshine duration of 2688 h in 2020. The altitude is 250-350 m in
Changchun, and the main types of soil are black soil, meadow soil, and chernozem soil. The
vegetation area is 228.65 km? and the coverage rate is 42.11% [43]. With the intensification
of global change and urbanization, Changchun is facing the possibility of a surge in the rise
in rainfall, which could increase the probability of urban floods. The Statistical Yearbook
of Jilin Province indicated that the rainfall of Changchun reached 273.2 mm in September
2020 [42], which is six times the mean value from 2016 to 2019 of the same month [44-47].
In this study, 14 sample plots were set in Nanhu Park, Changchun Park, and Hundred
Trees Park. The basic information of the plots is shown in Table 1.

Table 1. Basic condition of 14 forest stand types. Note: Tree height and breast diameter are shown as
mean =+ SD.

Cano Average Tree Mean Breast Plot Forest
Forest Stands Abbr. Densir;y Height Diameter Coordinates Density
¥ (m) (cm) (Trees/Plot)
Quercus mongolica Fisch. oM 43°51'04" N
ex Ledeb. forest forest 085 99212 165+£26 125°17'39" E 40
Betula platyphylla BP 43°50'57" N
Sukaczev forest forest 089 18.04 431 249428 125°18'12" E 36
Salix matsudana Koidz. SM 43°53/45" N
forest forest 0.81 780 £ 1.7 176 £2.2 125°16'13" E 20
Armeniaca sibirica (L.) AS 43°53'15" N
Lam. Forest forest 0.77 >80+ 11 16.3£338 125°16'13" E 19
Padus virginiana ‘Canada PV 43°52/34" N
Red’ forest forest 075 37002 5006 125°21'14" E 2z
Populus alba x P. PA 43°52/28" N
Berolinensis forest 0.77 1280 £05 179+23 125°21'19"” E 2
Tilia amurensis Rupr. TA 43°53'17" N
forest forest 0.81 6.90 £ 1.3 21.8+19 125°16'10" E 16
. ) GB 43°53/45" N
Ginkgo biloba L. forest 0.72 6.30 £0.2 173 £ 4.8 125°16'13" E 19
Amygdalus persica {. AP 43°53/36" N
rubro-plena forest forest 078 6:50 £0.3 109£1.1 125°16'14" E 2z
Pinus sylvestris L. var. PS 43°51'04" N
mongolica Litv. forest 093 10.64 =14 202£46 125°17'40" E %
Larix gmelinii (Rupr.) LG 43°50'58" N
Kuzen. forest forest 078 13.57421 249463 125°17'13" E 21
Pinus tabulaeformis var. PT 43°51'17" N
mukdensis forest 073 11.80 +1.0 3L.0£58 125°17'57" E 6
Abies holophylla Maxim. 43°50'57" N
A AH forest 0.82 15.70 + 1.9 231465 51700 B 15
. L . o/ &7/
Picea koraiensis Nakai  pye oot 0.85 1430+ 1.8 234428 43 5057 N 17

forest

125°17'09" E
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2.2. Methods
2.2.1. Litter Collection and Accumulation Calculation

Sample plots over 20 m x 20 m were set-up for each forest stand in November 2021. In
each plot, we selected three 1 m x 1 m quadrats randomly in the diagonal direction, and all
litters in the quadrat were collected into plastic bags and weighed immediately according
to the un-decomposed layer and semi-decomposed layer [48]. The litters of different layers
were weighed after indoor air drying, and then the dry weight per unit area of the two
layers was calculated [48,49].

2.2.2. Measure the Hydrological Characteristics of Different Forest Stands

The water holding process of litter was determined by the indoor immersion method [49].
After the litters were air-dried, they were placed into a mesh bag with a hole diameter of
1 mm and immersed in water, and it was ensured that the litters were submerged under
the water surface. After absorbing water for 5 min, 10 min, 15 min, 30 min, 1 h,2h,4h, 6 h,
8h, 10 h, 12 h, and 24 h, it was taken out and suspended for a few minutes. When the bag
with litter was no longer dripping, it was weighed to calculate the water holding rate and
water holding capacity at each moment. The litter soaked in water for 24 h was placed in
the ventilation place to air-dry. Each sample was repeated three times. The methodology of
this study is shown in Figure 1.

‘ Plot survey and litter collection

'

Indoor weighing and water immersion experiment

'

Calculation and comparison Analysis of litter water Analysis of litter water
of litter accumulation holding process interception characteristics

'

1.Litter water holding capacity of
different decomposed layers

1.Litter maximum interception capacity

2.Litter water holding rate of different of different decomposed layers

. A decomposed layers
1.Litter accumulation in un-

decomposed layer

2.Litter maximum interception rate of

3.Litter water absorption rate of different decomposed layers

. i, X different decomposed layers i . i i
2.Litter accumulation in semi- . ) h l(.i‘ 3.Litter effective interception capacity
S ‘ate! v rate .
decomposed layer 4. LitfeT maximunmiwaterholding rate of different decomposed layers
of different decomposed layers ; ‘. s .
. X R 4 Litter effective interception rate of
5.Litter maximum water holding

- . different decomposed layers
capacity of different decomposed

layers l

Comparing urban floods resistance of different tree species
Figure 1. Flow chart of the methodology.

The water holding rate, water holding capacity, water absorption rate, maximum
water holding rate, maximum water holding capacity, maximum water interception rate,
maximum water interception capacity, effective interception rate, and effective interception
capacity of litter were calculated according to the formulas [36,49] in Table 2.
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Table 2. The hydrological parameters of litters.

Hydrological . . .
Parameters of Litters Abbr. Units Equations Explanations
Gt is the wet weight of litter at time t
Water holding capacity Wi kg/m? Wi =Gt — Gq (kg/m?); Gy is the dry weight of litter
(kg/m?).
Water holding rate Ry, % Rp = (Gt — Gq)/Gq x 100% Same as above.
Water absorption rate 2 _ . . . .
in a certain period \% kg/m~/h V =W/t W, is water holding capacity at time t.
. _ B Gyy is the weight of litter soaked in water
Maximum water Rpy max % Rnmax = (Ga1 = Ga)/Ga X g o4y (kg /m2); Gy is the dry weight of
holding rate 100% . 2
litter (kg/m~).
Maximum water 5 _ Rp Max is the maximum water holding
holding capacity Wh max kg/m Wh max = M > Ri max rate (%); M is litter accumulation (kg/m?).
Average natural water o _ B o Gy is the fresh weight of litter (kg/m?);
content Ro e Ro = (Go = Ga)/Ga > 100% Gy is the dry weight of litter (kg/m?).
. . . Ry, Max is the maximum water holding
Max1mun;;;tercept10n Rs max Y% Rs max = Rhmax — Ro rate (%); Ry is the average natural water
content (%).
Maximum interception > _ Rs Max is the maximum litter interception
capacity Ws max kg/m Wsmax = Rsmax x M rate (%); M is litter accumulation (kg/m?).
. . Ry, Max is the maximum water holding
Effectlve;;t:rcep tion Rey Y% Rsv = 0.85Rp max — Ro rate (%); Ry is the average natural water
content (%).
Effective interception Wey ke/m? Way = Ry x M Rsy is the effective interception rate (%);

capacity

M is litter accumulation (kg/ m?).

2.2.3. Data Analysis

All statistical analyses were performed by R software 4.2.2 (http://cran.r-project.org,
accessed on 15 October 2022). Litter accumulation, water holding capacity, and interception
characteristics of different forest types and different decomposed layers were detected by
one-way ANOVA conducted with the function “aov”, and the Duncan test from package
“agricolae” [50] was used for multiple comparisons with a significance level of 0.05. The
figures were drawn by package “ggplot2” [51].

3. Results
3.1. Litter Accumulation and Composition of Different Forest Stands

The total accumulative amount of litter in each stand ranged from 0.24 to 1.99 kg/ m?2
(Table 3). Except for QM forest, the total accumulation of coniferous forest stands was
significantly higher than that of broadleaved forest stands (p < 0.05), and the total accumu-
lation of QM forest was also significantly higher than that of the other eight broadleaved
forests (p < 0.05). In the un-decomposed layer (p < 0.05), the accumulative amount of PK
forest was significantly larger than that of the other forest stands, and that of AH forest
and QM forest were significantly higher than that of the other forest stands (p < 0.05);
moreover, the accumulation of AH forest in this layer accounted for 70.18% of its total. In
the semi-decomposed layer, except BP forest and QM forest, the accumulation of coniferous
forest stands was significantly higher than that of broadleaved forest stands (p < 0.05); the
highest value was LG forest, which reached 1.47 kg/m?, and the accumulative amount
of the semi-decomposed layer accounted for 86.19% of the total value. PT forest had the
second largest quantity, which was significantly larger than that of the other 12 species
(p < 0.05), while GB forest ranked last in the semi-decomposed layer, significantly smaller
than that of QM forest, BP forest, PS forest, LG forest, PT forest, AH forest, and PK forest
(p < 0.05).
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Table 3. Litter accumulation (mean + SD) in different decomposition degrees. Note: Different
lowercase letters indicate significant differences among tree species at the 0.05 level. U indicates
un-decomposed layer and S indicates semi-decomposed layer. The abbreviation of tree species is the
same as Table 1.

Total Y S
Forest :
Stands Accumulation  Accumulation Proportions  Accumulation Proportions
(kg/m?) (kg/m?) (%) (kg/m?) (%)

QM forest 1.18+0.0d 070£02c 59.46 0.48 £0.1de 40.54
BP forest 089 +01e 0.24 +0.1de 27.35 0.65 + 0.1 cd 72.65
SM forest 034 £0.1fg 0.14 £ 0.1 ef 39.94 0.20 £ 0.1 ef 60.06
AS forest 049 £0.1f 029+0.1d 60.12 0.20 £ 0.1 ef 39.88
PV forest 0.50 + 0.0 f 0.26 = 0.1de 51.49 024 +0.1ef 48.51
PA forest 0.37 £ 0.0 fg 0.13 £ 0.0 ef 35.37 024 £0.1ef 64.63
TA forest 024+00g 0.06 £0.0f 24.79 0.18 + 0.0 ef 75.21
GB forest 033 £0.1fg 0.21 £ 0.0 def 64.02 012 +0.0f 35.98
AP forest 0.36 £ 0.0 fg 0.13 £0.1ef 37.47 0.23 £ 0.0 ef 62.53
PS forest 1.14+02d 0.29 £0.1de 25.09 0.85+03c 7491
LG forest 1.70£0.1b 0.23 +0.0de 13.81 147 +£00a 86.19
PT forest 144+00c¢ 0.26 £ 0.0 de 18.35 1.18 £ 0.0b 81.65
AH forest 1.29 + 0.1 cd 091+0.1b 70.18 0.38 £ 0.1 def 29.82
PK forest 1.99+0.1a 1.22+0.1a 61.32 077 £0.1c 38.68

3.2. Litter Hydrological Characteristics
3.2.1. Litter Water Holding Process

In general, the litter water holding capacity of each decomposition layer increased
first and then tended to be stable with the increase in soaking time (Figure 2A-D). The
results showed that the growth rate was relatively rapid in 0-2 h, stable in 2-12 h, and
tended to be saturated in 12-24 h. In the un-decomposed layer, the 0-2 h water holding
capacity in QM forest increased fastest, and the peak water holding capacity appeared
earliest (Figure 2A). Moreover, the water holding capacity of PK forest ranked second after
QM forest, but the values of PS forest, PT forest, PA forest, SM forest, and TA forest had
little changes in 24 h. In addition, the peak values were not obvious, and the values were
relatively low (Figure 2A,B). The variation trend of litters in the semi-decomposed layer
was slightly moderate compared to that in the un-decomposed layer, and the increasing
rate of litters in LG forest was largest. Except AH forest, the water holding capacity of
coniferous forest stands was higher than that of broadleaved forest stands (Figure 2C,D).

The water holding rate in the two litter layers of different stand types was different
(Figure 2E-H). Apparently, the five coniferous forest stands had a lower rate than the other
nine broadleaved stands in the un-decomposed layer. GB forest, BP forest, and AP forest
had a stronger water holding ability, especially for AP forest, which had a powerful ability
to absorb water even after 8 h (Figure 2E,F). Moreover, almost all forest stands demonstrated
a higher water holding rate in the semi-decomposed layer than the un-decomposed layer,
except GB forest, which also had the lowest value before 1 h. However, GB forest as well as
SM forest, AS forest, PV forest, PA forest, TA forest, and AP forest had a steady increasing
trend from the beginning to 24 h (Figure 2G,H).

It can be concluded from Figure 2I-L that the changing trend of water absorption
rate of two litter layers with soaking time was basically the same among different stand
types. The water absorption rate of all stand types decreased linearly from 0 to 1 h of
immersion, and then the decline rate gradually slowed down until 12 h, the curve tended
to be consistent, and the water absorption of litters was close to saturation. QM forest,
PK forest, and AH forest had a stronger water absorption ability than other stands in the
un-decomposed layer. However, in the semi-decomposed layer, QM forest had a medium
water absorption capacity. The five stand types with the highest water absorption capacity
were LG forest, PT forest, PK forest, PS forest, and BP forest. Moreover, the 15 min water



Land 2022, 11, 2247

7 of 14

Water holding capacity
(kg/m?)

%)

Water holding rate

Water absorption rate
(kg/m*/h)

absorption rate of LG forest could reach 399.31%, and the 0.5 h water absorption rate was
up to 82.22%.
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Figure 2. Relationship between litter water holding capacity (A-D), water holding rate (E-H), water
absorption rate (I-L), and immersion time (h) of different tree species in different decomposed layers.
Note: U indicates un-decomposed layer and S indicates semi-decomposed layer. Please see Table 1
for the abbreviation of tree species.

As shown in Table 4, the maximum water holding rate of the un-decomposed layer
ranged from 135.50 to 517.05%, and the highest value was AP forest, which also had a
significantly higher value than the other stands did (p < 0.05), and 3.82 times the lowest
value of PK forest. In addition, except for LG forest, the coniferous forest stands had
significantly lower values than the eight broadleaved forests did (p < 0.05). In the semi-
decomposed layer, the maximum water holding rate was displayed as follows: AP forest
> TA forest > PA forest > AS forest > SM forest > LG forest > PV forest > QM forest > GB
forest > PS forest > PT forest > PK forest > BP forest > AH forest. AP forest had significantly
larger values than QM forest, BP forest, SM forest, PV forest, GB forest, PS forest, and
the other five coniferous species did (p < 0.05). The maximum water holding capacity of
QM forest was highest in the undecomposed layer, which was 7.58 times the lowest value
(TA forest), and significantly higher (except PK forest) than those of the other 12 forest
stands (p < 0.05). Moreover, TA forest, SM forest, PA forest, PT forest, and PS forest had a
relative low value of maximum water holding capacity. However, PT forest and PS forest
had the second and third largest values in the semi-decomposed layer. In addition, all
conifer species except AH forest (0.66 + 0.04 kg/m?) had a higher maximum water holding
capacity than broadleaved species.
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Table 4. Litter maximum water holding rate and capacity (mean =+ SD) in different decomposition
degrees. Note: Different lowercase letters indicate significant differences among tree species at the
0.051evel. U indicates un-decomposed layer and S indicates semi-decomposed layer. The abbreviation
of tree species is the same as Table 1.

Maximum Water Holding Rate (%) Maximum Water Holding Capacity

Forest (kg/m?)

Stands U S U S
QM forest 263.27 £17.77 de  283.37 &+ 15.12 defg 1.87 £ 0.56 a 1744+ 041 cd
BP forest 416.40 +32.42Db 176.29 +£ 2354 h 1.00 + 0.18 cd 1.14 + 0.38 def
SM forest 235.03 4+ 34.12 ef 360.69 £ 19.85 bede 038 +0.25f 0.73 + 0.24 ef
AS forest 331.41 £46.60cd  381.32 + 31.11 abed 0.94 + 0.12 cde 0.70 £ 0.13 ef
PV forest 256.40 + 6.13 de 301.56 + 17.23 cdefg 0.66 £ 0.13 def 0.72 £ 0.06 ef
PA forest 309.90 + 6.68 cde 394.96 + 13.40 abc 041 £0.11f¢ 0.95 + 0.15 def
TA forest 355.89 4+ 55.36 be 440.66 £ 15.39 ab 025+ 0.23f 0.79 £ 0.11 ef
GB forest 349.02 £+ 51.27 be 281.65 £ 27.02 efg 0.73 £ 0.15 def 035+0.21f
AP forest 517.05 £ 44.53 a 471.01 2431 a 0.72 + 0.35 def 1.07 4+ 0.15 def
PS forest 158.90 &+ 17.64 fg 257.02 £ 25.89 fgh 0.47 £ 0.11 ef 2.03 £+ 0.69 ¢
LG forest 362.57 £ 11.61 bc 309.07 £ 19.67 cdef 0.94 £ 0.17 cde 382+1.15a
PT forest 158.63 &+ 12.75 fg 236.50 £ 15.51 fgh 0.45 + 0.06 ef 275+021b
AH forest 14563 + 1430 g 163.38 £ 18.21 h 1.29 + 0.18 bc 0.60 £ 0.04 ef
PK forest 13550 £ 7.65 g 202.27 £ 22.36 gh 1.69 + 0.06 ab 1.43 + 0.50 cde

3.2.2. Litter Water Interception Characteristics

In the un-decomposed layer, as in Figure 3A, the maximum interception rate of BP
forest reached 407.40%, which was 3.15 times the lowest value of PK forest, and it was
significantly higher than those of other forest stands (p < 0.05). The coniferous forest
stands of PS forest, PT forest, AH forest, and PK had significantly lower values than the
other stands did (p < 0.05). Moreover, the maximum interception capacity of QM forest
(1.81 + 0.74 kg/m?) was significantly higher than those of the other stands (p < 0.05), but
there was no significant difference between QM forest and PK forest (p > 0.05). PA forest,
TA forest, and SM forest had the lowest interception capacity, which was 0.33 kg/m?,
0.22 kg/m?, and 0.21 kg/m?, respectively. It can be seen from Figure 2B that the maximum
interception rates of TA forest, PA forest, AS forest, and AP forest were significantly higher
than those of PS forest, PT forest, GB forest, PK forest, BP forest, and AH forest in the
semi-decomposed layer (p < 0.05), among which AH forest had the lowest value of 158.75%,
which was just 43% of the highest value of TA forest. In addition, AH forest had the lower
interception capacity in the semi-decomposed layer, but the other four coniferous species
LG forest, PT forest, PS forest, and PK forest had the higher capacity (Figure 3B). In addition,
the water maximum interception capacity of AS forest, SM forest, AH forest, PV forest, and
GB forest were all lower than 0.70 kg/ m?2.

Figure 3C,D demonstrate the litter effective interception rate and capacity of the
un-decomposed layer and semi-decomposed layer. The top three highest litter effective
interception rates in the un-decomposed layer were BP forest (344.94%), AP forest (314.13%)
and LG forest (300.84%), and they had significantly larger values than the other nine stands,
except AS forest and TA forest, did (p < 0.05). GB forest and QM forest had the same value
with a rate of 215.09%, and the four coniferous forest stands, PS, PT, AH and PK forest,
had the lowest effective interception rate. In the semi-decomposed layer, the effective
interception rate of litter in each stand ranged from 134.25% (AH forest) to 328.49% (TA
forest), while TA forest, PA forest, AS forest, and AP forest had significantly higher values
than GB forest, PK forest, BP forest, and AH forest did (p < 0.05). On the other hand, the
effective interception capacity of un-decomposed litter was between 0.18 kg/m? (SM forest)
and 1.53 kg/m? (QM forest). Except PK forest, the other forest stands had significantly
lower values than QM forest did (p < 0.05), among which the effective litter interception
capacity of PT forest, PA forest, TA forest, and SM forest had the lower value, while in the
semi-decomposed layer, LG forest had the highest value (3.73 £ 0.44 kg/m?), which was
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Maximum interception

Effective interception

capacity (kg/m?)

capacity (kg/m?)

*)

1.01

0.0

16.50 times the lowest value of GB forest. The effective interception amount of PT forest,
PS forest, and PK forest also had larger values. AS forest, AH forest, SM forest, PV forest,
and GB forest had the lowest water interception capacity than the other species, which was
only 0.53 4+ 0.11 kg/m?, 0.51 4 0.05 kg/m?, 0.50 & 0.16 kg/m?, 0.50 + 0.05 kg/m?, and
0.23 =+ 0.13 kg/m?, respectively.
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Figure 3. Litter water interception characteristics of different decomposed layers. (A,B) show the
maximum interception capacity of 14 tree species litters in two decomposed layers, and (C,D) show
the effective interception capacity of 14 tree species litters in two decomposed layers Note: The
bars are the values of maximum interception capacity or effective interception capacity, while the
dots are the values of maximum interception rate or effective interception rate. Different lowercase
letters within the bars indicate significant differences of water maximum interception capacity or
effective interception capacity among tree species at the 0.05 level, and the lowercase letters above
the dots indicate significant differences of water maximum interception rate or effective interception
rate among tree species at the 0.05 level. U indicates un-decomposed layer and S indicates semi-
decomposed layer. The abbreviation of tree species is the same as Table 1.

3.3. Summary of Litter Accumulation and Water-Related Parameters

The total litter accumulation as well as the quantity in different decomposed layers
of PK forest and LG forest were significantly higher than those of other species (p < 0.05).
In the un-decomposed layer, QM forest had the strongest water holding capacity, and the
values were much higher than the second place of PK forest at any time within 0-24 h.
In addition, the water absorption rate and the maximum water holding capacity of QM
forest were higher in this layer, while LG forest had the largest water holding capacity and
water absorption rate in the semi-decomposed layer. The maximum water interception rate
and effective water interception rate were highest in BP forest, with 407.40% and 344.94%,
respectively, and QM forest had the significantly largest maximum water interception
capacity (1.81 kg/m?) and effective water interception capacity (1.53 kg/m?) in the un-
decomposed layer than the other forests (p < 0.05). In addition, PK forest had a higher
water maximum interception and effective interception value in both layers.
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4. Discussion
4.1. The Relations between Litter Accumulation and Its Water Holding Ability

Forest litter plays an important role in hydrologic cycling [48], while the litter mass and
the proportions of different decomposed layers influence the rainfall recycling process [52].
In this study, we chose to collect litters at the end of November, because in this period, the
leaves of most tree species have fallen, which was the maximum accumulation of litters in
the whole year, so it can reflect the maximum potential of litters to regulate precipitation. A
higher litter accumulative amount indicated better ecosystem circulation, which contributes
to enhancing the ecological services including water conservation [53,54].

Litter accumulation was affected by the surrounding environmental conditions, which
was not only restricted by natural climate, altitude, and soil conditions, but also affected by
their own growth characteristics, canopy density, and vertical structure of the stand [55].
This study revealed that the total accumulative quantity of PK and LG forest was higher,
among which the un-decomposed layer of PK forest accounted for a higher proportion,
which might be because the litters of PK forest contained oil and most of them had devel-
oped cuticles, so the decomposition was difficult and needed a longer time [56]. However,
the accumulation in the semi-decomposed layer was higher than the un-decomposed layer
in LG forest, which was probably caused by the ecosystem environment where the LG
forest was located. The forest stand size of LG was large enough, so its ecological system
was stable and sustainable [57]; therefore, the decomposition capacity of litters was stronger.
On the other hand, there was a positive correlation between canopy density and litter accu-
mulation. The canopy density of QM forest, PS forest, LG forest, AH forest, and PK forest
was larger than that of other stands (Table 1), and the litter accumulation of the five stands
was also higher (Table 3). Furthermore, due to the stable ability of substance circulation
and energy exchanges of larger trees, they could produce and store a larger amount of
litter [58]. For example, LG forest, PT forest, AH forest, and PK forest had a larger DBH
than other types (Table 1) and corresponded to a larger litter accumulative value (Table 3).
The forest density in urban parks is usually lower than that of natural forest, so the living
space of urban forest was large enough for the spread of their branches and leaves. Under
such circumstances, the taller the tree, the more luxuriant the branches and leaves, and
the higher the utilization rate of light energy, which increased the photosynthetic capacity
and the accumulation of organic matter [59]. Therefore, it helped to further elucidate the
reasons for the high litter storage of coniferous species.

In addition, the litter accumulative quantity was a parameter to calculate the maxi-
mum water holding capacity, the maximum water interception capacity, and the effective
water interception capacity (Table 2). Although the litter maximum water holding rate,
maximum water interception rate, and effective water interception rate of QM forest in the
un-decomposed layer were not too high, its capacity of maximum water holding, maximum
water interception, and effective water interception were largest (Figure 3), due to its large
accumulative amount (Table 3).

4.2. Tree Species Selection for Urban Flood Mitigation

Most of the urban flooding events were caused by the short periods of heavy rain-
fall [12], and the water absorption rate of litters, especially the rate within an hour, reflected
the ability of urban trees to intercept rainfall for a short time. With high water absorption
rate, forest litters can soak up precipitation faster, thus effectively slowing down the forma-
tion of surface runoff. It was concluded that QM forest and BP forest had the largest water
absorption rate in the un-decomposed layer (Figure 21,]). In particular, the water absorption
rate of QM forest in 5 min was more than twice the second place of BP forest, and after
1 h of immersion in water, the absorption rate was even larger than the 5 min rate of PT
forest, PA forest, and AH forest. On the other hand, PT forest, LG forest, and PS forest had
a lower water absorption rate. This may be caused by the shape and nature of the leaf. It
was reported that the larger the relative surface area of litter, the greater the water holding
capacity [60]. QM leaves have a larger surface area and more network branches on the sur-
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face, so they have more precipitation storage space and more water holding capacity. As for
PT forest, LG forest, and PS forest, their litters contained non-hydrophilic oils and cuticles,
which was not compatible with water, thus reducing their water absorption capacity [56].
Nevertheless, the coniferous species had a larger water absorption rate compared to most
other broadleaved species (Figure 2K,L) in the semi-composed layer. Specifically, LG forest,
PK forest, and PT forest ranked top three in highest water absorption rate. This was because
after the decomposition of litters, the oil content decreased and the water absorption rate
increased [56]. On the other hand, in the semi-decomposed layer, BP forest demonstrated a
strong ability to absorb water as well as in the un-decomposed layer (Table 4). That is to
say, other than the coniferous species of LG, PK, and QM forest, BP forest could be another
choice for urban flood prevention.

In addition to short-term heavy rainfall, medium-intensity but long-duration rainfall
can also cause urban floods [9]. When it rains long enough, the canopy and trunk of the
trees reach saturation. In this case, the water holding and interception ability as well as the
accumulation of litters under the forest directly affect whether an urban flood occurs and the
degree of occurrence. The maximum interception amount of litter indicates the maximum
possible rainfall interception quantity of litters, while the effective interception ability
indicates the actual holding capacity of litters to rainfall [56], which is related to stand type,
tree density, and the decomposition degree of litters [34,37]. Our results concluded that
QM forest and PK forest performed well on maximum water holding capacity, maximum
water interception capacity, and effective water interception capacity of the un-decomposed
layer (Figure 3). In addition, the values of these water parameters were also ranked top
five in the semi-decomposed layer, which may be due to their high litter accumulative
amount (Table 3). Therefore, QM forest and PK forest may be selected as ideal species
for urban flood mitigation of the long-time medium-rainfall scenario. In addition, in the
semi-decomposed layer, LG forest and PT forest had the largest value in maximum water
holding capacity, maximum water interception capacity, and effective water interception
capacity. Furthermore, the water holding and interception capacity of LG forest in the
un-decomposed layer were relatively high, but PT forest had a lower water holding and
interception ability, which indicated that LG forest could also be a better choice for urban
parks to mitigate urban floods than PT forest.

5. Conclusions

Urban flood disasters bring tremendous damage to cities, have great impacts on social
economy, and even directly endanger people’s life and safety. For cities undergoing rapid
urbanization, it is not feasible to change the underlying surface properties or character-
istics and underground drainage facilities on a large scale. Therefore, in addition to the
construction of artificial drainage facilities, the ecological utility of natural resources needs
to be advocated for urban land resilience and sustainability. This study compared the
forest litter accumulation and the hydrological characteristics of 14 common tree species in
winter city parks. Some tree species could be selected as the excellent choice for mitigating
urban floods in Changchun city. The results of this study might be suitable for other cities
under rapid urbanization and with similar climate conditions. However, when this method
is applied to other cities, the urban environment should be considered accordingly, for
their unique natural and manmade conditions. By using their characteristics of high litter
accumulation, and high water holding and interception capacity, forest litters in different
cities could maximize their function of absorbing and permeating surface precipitation,
help to solve the urban floods issue, and reduce the losses caused by water-related disasters.
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