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To understand the health and ecological benefits of scenic recreational for-
ests,  we elucidated  their  spatial  distribution  characteristics,  which  can be
used to create guidelines and reveal strategic issues regarding the spatial dis-
tribution of tree species. We randomly set up 900 m2 quadrats in scenic recre-
ational forest communities in Guangzhou, Foshan, and Zhuhai, and surveyed
each tree using LiDAR. We then calculated the living vegetation volume (LVV)
and amount of recreational space on the forest floor (RSFF), and analyzed the
differences in spatial distribution characteristics across cities, locations, and
forest types. The spatial distribution characteristics of trees differed between
different cities, but were similar among different locations and forest types.
Urban scenic recreational forest areas are thus configured based on aesthet-
ics, recreational functions, and the spatial distribution characteristics of dif-
ferent tree species. Additionally, the relationship between the tree crown LVV
and the  RSFF  was  generally  synergistic,  yet  contradictory.  Although an in-
crease in LVV can effectively improve ecological benefits, it may also reduce
RSFF and other benefits provided by tree crowns to urban residents.

Keywords: Urban Forests, Living Vegetation Volume, Forest Floor Recreational
Space, Spatial Distribution Strategy

Introduction
The urban heat island effect is being exac-

erbated by the increase in impervious sur-
faces caused by the rapid expansion of ur-
banization  (Oke  1989,  Grimmond  &  Oke
1999, Müller et al. 2014, Deilami et al. 2018).
This is leading to high energy consumption
(Santamouris  et  al.  2001)  and  changes  in
the habitats of animals and plants, and is
adversely affecting the physiology and psy-
chology of urban residents (Santamouris et
al. 2007, Akitt 2018), resulting in psycholog-
ical anxiety, respiratory and skin diseases,
and even death.  In particular,  the Guang-
dong  – Hong Kong  – Macao Greater  Bay
Area (GBA), located at a low latitude, is fre-
quently  exposed  to  extreme  weather
events, such as consistently high tempera-
tures,  periodic  droughts,  and  floods.  Ac-
cording to the latest monitoring data, the
average  temperature  recorded  in  the
months of January, July, and November in

2020 was 23.5 °C, which is 1.0 °C higher than
the usual value recorded, marking the high-
est recorded temperature since 1961 (2021
GBA  Climate  Bulletin  – August  10,  2021).
The number of hot days in 2021 was 39.0,
19.6 days more than that recorded in typi-
cal years, also marking the highest number
of hot days recorded since 1961 (2021 GBA
Climate Bulletin – August 10, 2021).

As an important component of green in-
frastructure (He et al. 2004) and a nature-
based solution (Escobedo et al.  2019), ur-
ban forests can mitigate the urban heat is-
land  effect  and reduce ambient  tempera-
tures  (Bowler  et  al.  2010,  Rahman  et  al.
2011,  Rötzer  et  al.  2019).  Urban  forests
have  aesthetic  value,  create  recreational
space on the forest floor (RSFF), and con-
tribute to thermal buffering, shading, and
transpiration  (Li  et  al.  2012,  Yang  et  al.
2022). The forest canopy layer is the most
direct  and  dynamic  interface  between  a

forest  and  the  external  environment
(Meng et  al.  2007).  The canopy structure
and its  changes  have a  crucial  impact  on
several  ecological  factors  and  processes,
such as forest lighting conditions, microcli-
mates,  hydrology,  nutrient  cycles,  health,
and biodiversity (Zhou et al. 2017,  Fu et al.
2021, Zhang et al. 2022). The canopy layer is
a complex, three-dimensional spatial struc-
ture,  and the canopy leaf  area  index can
well reflect the heterogeneity in the spatial
structure  of  urban  greening.  These  struc-
tural characteristics objectively reflect the
utilization  of  spatial  resources  in  forests
(Huang et al. 2019) and can also be applied
to  optimize  ecological  functions,  such  as
the cooling and heat reduction benefits of
urban  forests  (Liu  et  al.  2013).  While  the
ecological  landscape  functions  of  urban
forests  are  manifested  through  the  main
canopy,  they  are  also  demonstrated
through the forest  floor  structure.  There-
fore, it is essential to study both the living
vegetation volume (LVV)  of  the  tree  can-
opy and the RSFF.

Previous  forest  canopy  research  has
mainly  focused on evaluating the vegeta-
tion  volume  of  the  urban  forest  canopy
(Dong et al. 2004,  Zheng et al. 2016,  2018,
Casalegno et al. 2017), studying the differ-
ences in the light environment (Huang et
al.  2019,  Xu  et  al.  2019)  and the microcli-
mate differences (Zhao et al. 2012, Shen et
al. 2017, Liu et al. 2020, Gao et al. 2021) be-
tween the canopy and understory, among
others.  However,  relatively  few  studies
have  examined  the  relationship  between
the canopy structure and the RSFF. There-
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fore,  in  this  study,  we focused  on  urban
forest communities. We quantified the rela-
tionship between the LVV and RSFF for dif-
ferent forest types in the core urban areas
(CUA), semi-urban areas (SUA), and urban
fringe areas (UFA) of three cities (Guang-
zhou,  Foshan,  and Zhuhai)  and optimized
the  spatial  distribution  of  trees  in  urban
forests to guide the effective development
of  ecological  service  functions.  This  was
achieved  by  addressing  three  main  re-
search questions:  (i)  What are the spatial
distribution characteristics of different tree
species in urban forests? (ii) What are the
spatial distribution characteristics of urban
forests  in  different  cities,  locations,  and
forest types? (iii) How can the spatial distri-
bution strategy be optimized according to
the characteristics of different tree species
to obtain more ecological benefits?

Materials and methods

Study areas
Three cities in the GBA,  i.e., Guangzhou,

Foshan, and Zhuhai,  were selected as the
study areas (Fig. 1). Guangzhou City (22° 26′
- 23° 56′ N, 112° 57′ -  114° 03′ E), located in
the south-central part of Guangdong Prov-
ince  and  the  north-central  edge  of  the
Pearl  River  Delta,  is  large  and  located  at
the confluence of three rivers, the Xijiang,
Beijiang, and Dongjiang. It has a subtropi-
cal  monsoon  climate  characterized  by
warm  weather  and  rain,  abundant  sun-
shine,  long  summers,  and  short  winters.

The annual average temperature is 21.9 °C,
having  the  smallest  annual  average  tem-
perature  difference  compared  with  the
other  two cities  studied.  Foshan City  (22°
38′ - 23° 34′ N, 112° 22′ -113° 23′ E) is located
in  the  south-central  part  of  Guangdong
Province,  in  the  hinterland  of  the  Pearl
River Delta, adjacent to Guangzhou in the
east and Zhongshan in the south. It has a
subtropical monsoon climate characterized
by  a  mild  climate  and  abundant  rainfall,
with  an  annual  average  temperature  of
23.2 °C. Zhuhai City (21° 48′ - 22° 27′ N, 113°
03′ -  114°  19′ E)  is located in the southern
part  of  Guangdong Province on the west
bank of the Pearl River Delta, facing Hong
Kong across the sea in the east and Macao
in the south. It has a subtropical monsoon
oceanic climate, with high annual tempera-
tures  and  abundant  rainfall.  The  average
annual temperature is 22.5 °C and the an-
nual average rainfall can reach up to 2061.9
mm.

Sampling method
Each city was divided into CUA, SUA, and

UFA based on the distance from the target
area  to  the  city  center.  Using  a  random
sampling method,  100 sample plots (30 ×
30 m) were established in each area of the
three cities.  Most  of  the selected sample
plots primarily included urban forests, and
those with mainly buildings, roads, or lakes
were  excluded.  A  total  of  193  quadrats
were  studied  (Tab.  1).  For  CUA,  15  plots
were located in Guangzhou, 20 in Foshan,

and  26  in  Zhuhai;  for  SUA,  25  were  in
Guangzhou, 40 in Foshan, and 14 in Zhuhai;
and for UFA, 20 were in Guangzhou, 20 in
Foshan, and 13 in Zhuhai.

Based  on  the  classification  principle  of
forest parks, the quadrats in the forest ar-
eas were classified as core or edge forest
according to the different distributions of
the sample plots. The core forest was fur-
ther  divided  into  core  closed  forest  and
core open woodland (hereafter referred to
as closed forest and open woodland), and
the edge forest was divided into forest ar-
eas close to water bodies and forest areas
adjacent to buildings. In the closed forest,
the furthest side of the quadrat was more
than  50  m  away  from  water  bodies  or
buildings,  and  the  quadrat  had  a  canopy
density  of  more  than  0.20.  In  the  open
woodland, the furthest side of the quadrat
was at a distance greater than 50 m from
water bodies or buildings, and the quadrat
had  a  canopy  density  between  0.10  and
0.19. In the forest areas close to water bod-
ies, the side of the quadrat closest to the
water’s  edge  was  less  than  50  m  away
from the water body. In the forest area ad-
jacent to buildings, the quadrat closest to
the edge of the building was less than 50 m
away from the building (Zhao et al. 2020a).

For all species, each tree with a diameter
at breast height (DBH) ≥ 5 cm within the
opposite quadrat was examined, and a to-
tal of 4216 trees were surveyed across the
three  cities.  The  species  names  were  re-
corded  and  matched  with  the  data  ob-
tained using a  handheld  SLAM-100 LiDAR
scanner (see below).

Index evaluation method

LVV
All  samples were scanned using a  hand-

held  SLAM-100® LiDAR  scanner  (Feima,
Shenzhen, China) according to the follow-
ing procedure: (i) after activation, the scan-
ner powered up for 10 s. When the status
indicator  turned  green,  the  scanner  was
held  in  front  of  the  body,  directing  the
laser  head  upwards,  and  the  area  was
scanned while walking steadily and slowly
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Fig. 1 - Schematic illustra-
tion of location of the 
study areas. The core 
urban area (CUA), semi 
urban area (SUA), and 
urban fringe area (UFA) of 
Guangzhou, Foshan, and 
Zhuhai are represented by 
black, dark gray, and light 
gray colors, respectively.

Tab. 1 - City population (million) and area (km2) of Guangzhou, Foshan, and Zhuhai,
respectively. The core urban area (CUA), semi urban area (SUA), and urban fringe area
(UFA) were classified based on their distances to the city center in each city. The num-
bers of the sample plots containing urban forests are provided for all specified areas.

Cities Population
(million)

Area
(km2)

CUA SUA UFA

Scope
(km) Plots

Scope
(km) Plots

Scope
(km) Plots

Guangzhou 15.3 7434 < 7 15 7-14 25 > 14 20

Foshan 7.9 3797 < 4 20 4-8 40 > 8 20

Zhuhai 2.0 1711 < 3 26 3-6 14 > 6 13
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Urban forest spatial distribution

around the quadrat. (ii) We set the vertices
of  four  quadrats  as  the  control  points,
aligned the center of the crosswire of the
scanner base with the center of the control
point, and oriented the head of the scan-
ner  in  multiple  directions  to  ensure  that
the elapsed time was more than 10 s.  (iii)
We  avoided  human  facial  obstructions  at
the laser emission area and vigorous move-
ment of the scanner during the data collec-
tion process.

All data from the laser scans were stored
on  SD  cards  and  retrieved  in  the  labora-
tory. The LiDAR360 system (Beijing Green-
Valley Technology Co., Ltd., Beijing, China)
was used for analysis.  First,  noise was re-
moved from the point cloud, ground points
were obtained, and a digital elevation mod-
el (DEM) was generated. Using point cloud
computing  tools  to  normalize  the  DEM,
high-precision  point  cloud  seed  points  of
the quadrat were generated. The error and
interference points in the seed points were
deleted using the TLS editor included in the
system, and the batch processing function
was used to separate all individual trees in
the sample plot.  After  separating all  indi-
vidual  trees  in  the  quadrat,  their  tree
height,  DBH, crown width,  height,  projec-
tion area, volume, and other data were cal-
culated using the individual tree detection
tool included in the system. Thereafter, the
above data  parameters  could  be used to
calculate  the  crown  volume  of  a  single
tree, also referred to as the LVV.

RSFF
The amount of RSFF reflects the size of

the  space  provided  by  the  forest  for  hu-
man  movement  and  recreational  use.
Based  on  relevant  research  (Zhao  et  al.
2021),  we defined the amount of RSFF as
the product of the vertical projection area
of the tree crown and the clearance under
the tree branches (the clearance under the
branches  higher than 2.2  m).  The specific
formula is (eqn. 1):

(1)

where  VC refers  to  the  amount  of  RSFF
(m3), n refers to the number of trees with a
clearance  of  more  than  2.2  m  under  the
branches,  Mi is the vertical projection cov-
erage  area  of  the  i-th  tree’s  crown  (m2),
and  Hi refers  to  the  clearance  under  the
branch of the  i-th tree (m). The  Mi and  Hi

data  were  acquired  using  a  handheld
SLAM-100 LiDAR scanner.

Spatial distribution characteristics
The LVV and RSFF are the main functions

provided  by  different  forest  tree  species
occupying a  particular  space.  We defined
the values of the spatial distribution char-
acteristics based on SA, which is the ratio of
the LVV (VG) to the amount of RSFF (VC –
eqn. 2):

(2)

where SA is the value of the spatial distribu-
tion  characteristic,  VG represents  the  LVV
(m3),  and  VC represents  the  amount  of
RSFF (m3).  SA < 1.0 indicates that the tree
species of the forest will tend toward hav-
ing more RSFF than LVV.  SA < 0.5 indicates
that the RSFF has an absolute advantage.
SA between  0.5  and  1.0  shows  that  RSFF
has a slight advantage over the LVV.  SA ≥
1.0 indicates that the LVV has an advantage
over the RSFF. SA between 0.5 and 3.0 indi-
cates a strong diversity in the spatial distri-
bution of urban forests.

Results

SA in different cities
SA was compared by analyzing the top 30

tree species in the study areas of the three
cities.

SA in Guangzhou
As shown in Fig. 2, among the top 30 tree

species in urban forests in Guangzhou, the
proportion of individual trees with SA < 1.0
was  78%.  This  finding  indicates  that  the
RSFF was relatively large in the forests  of
urban parks.

The  tree  species  with  SA ≥  1.0  included
white champaca (Michelia alba), African ma-
hogany  (Khaya  senegalensis),  council  tree
(Ficus altissima),  sea hibiscus  (Hibiscus tili-
aceus), Moluccan albizia (Albizia falcataria),
sacred fig  (Ficus religiosa),  herba ficus  (Fi-
cus  concinna),  and  Java  apple  (Syzygium
samarangense). This indicates that the LVV
of  these  tree  species  was  more  advanta-

geous than their RSFF. However, the SA of
Kashi holly (Ilex rotunda), African tulip tree
(Spathodea  campanulata),  and  camphor
tree (Cinnamomum camphora) ranged from
0.5 to 3.0, indicating that the spatial distri-
bution of these tree species on the forest
floor was diverse.

SA in Foshan
The  proportion  of  the  individual  trees

among  the  top  30  tree  species  in  urban
forests in Foshan with SA < 1.0 was 80% (see
Fig. S1 in Supplementary material for  SA of
different tree species in Foshan). This indi-
cates that the RSFF was relatively large in
the urban forest parks.

The tree species with a ratio of SA > 1.0 in-
cluded weeping paperbark (Melaleuca leu-
cadendron)  and  Moluccan  albizia,  indicat-
ing that the LVV of these tree species was
slightly  more  advantageous  than  their
RSFF.  However,  SA values  of  African  ma-
hogany, council tree, eugenia cumini (Syzy-
gium hainanense),  bishop wood (Bischofia
javanica),  and  herba  ficus  were  generally
between  0.5  and  2.0,  indicating  that  the
spatial distribution of these tree species on
the forest floor was diverse.

SA in Zhuhai
The  proportion  of  the  individual  trees

among  the  top  30  tree  species  in  urban
forests in Zhuhai with SA < 1.0 was 94% (see
Fig. S2 in Supplementary material for  SA of
different tree species in Zhuhai), indicating
that most RSFFs were relatively large in ur-
ban forest parks.
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Fig. 2 - SA of different tree species in Guangzhou. The numbers on the x-axis represent
tree species: 1, white champaca (Michelia alba); 2, tiger’s claw (Erythrina variegata); 3,
giant crepe-myrtle (Lagerstroemia speciosa); 4, Cuban royal palm (Roystonea regia); 5,
earleaf acacia (Acacia auriculiformis); 6, Kashi holly (Ilex rotunda); 7, African mahogany
(Khaya senegalensis); 8, royal poinciana (Delonix regia); 9, council tree (Ficus altissima);
10, Hong Kong orchid tree (Bauhinia blakeana); 11, araguaney (Handroanthus chrysan-
thus); 12, sea hibiscus (Hibiscus tiliaceus); 13, Changkhen (Heteropanax fragrans); 14,
African tulip tree (Spathodea campanulata); 15, cockspur coral tree (Erythrina crista-
galli); 16, hairy-fruited elaeocarpus (Elaeocarpus apiculatus);  17,  golden shower tree
(Cassia  fistula);  18,  Indian mahogany (Chukrasia  tabularis);  19,  floss  silk  tree (Ceiba
speciosa); 20, cotton tree (Bombax ceiba); 21, Moluccan albizia (Albizia falcataria); 22,
blackboard tree (Alstonia scholaris); 23, sacred fig (Ficus religiosa); 24, burflower-tree
(Neolamarckia cadamba); 25, Timor white gum (Eucalyptus urophylla); 26, herba ficus
(Ficus  concinna);  27,  Java  apple  (Syzygium  samarangense);  28,  mountain  ebony
(Bauhinia variegata); 29, Indonesian cinnamon (Cinnamomum burmannii); and 30, cam-
phor tree (Cinnamomum camphora). The numbers on the y-axis represent the value of
SA.
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Chinese fan palm (Livistona chinensis) pre-
sented  SA > 1.0, indicating that the LVV of
this tree species was slightly more advanta-
geous than its RSFF. However, the SA of the
flame bottletree  (Brachychiton  acerifolius)
was between  0.5  and 3.0,  indicating that
the spatial distribution of this tree species
on the forest floor was diverse.

Differences in SA in different cities
In  this  study,  we  analyzed  tree  species

present  in  all  three  cities  and  found that
the SA of the same tree species differed be-
tween different urban forests (Tab. 2).

The  white champaca, a flowering foliage
tree,  was  dominant  in  the LVV in  Guang-
zhou  and  RSFF  in  Foshan  and  Zhuhai.
Herba ficus, a foliage plant, showed differ-
ences in dominance across the three cities.
The camphor tree,  a foliage tree species,
exhibited strong diversity  in spatial  distri-
bution in Guangzhou, and was dominant in
the RSFF in Foshan and Zhuhai. The flower-

ing  tree  species  of  giant  crepe-myrtle
(Lagerstroemia  speciosa),  royal  poinciana
(Delonix  regia),  araguaney  (Handroanthus
chrysanthus),  floss  silk  tree  (Ceiba  specio-
sa), cotton tree (Bombax ceiba), and moun-
tain ebony (Bauhinia variegata), as well as
the foliage species of the blackboard tree
(Alstonia scholaris),  were dominant in the
RSFF.

SA in different regions
The top 30 tree species in the forest land

located in  CUA,  SUA,  and UFA were ana-
lyzed to compare the SA values of different
tree species.

SA values of different tree species in the 
CUA

As shown in Fig. 3, the proportion of indi-
vidual trees among the top 30 tree species
in the forest communities in CUA with an SA

< 1.0 was 78%, indicating that the RSFF of
most  trees  in  the  urban  forest  was  rela-

tively large. The tree species with  SA > 1.0
were Moluccan albizia and Java apple. This
indicates that the LVV of these tree species
was  slightly  more  dominant  than  their
RSFF. The SA for the flame bottletree, Afri-
can mahogany, and herba ficus was 0.5 to
3.0, indicating that the vertical spatial dis-
tribution of these tree species was diverse.

SA of different tree species in SUA
The proportion of individual trees among

the top 30 tree species in the forest com-
munities in the SUA with  SA < 1.0 was 94%
(see Fig. S3 in Supplementary material for
SA of different tree species in SUA), indicat-
ing that the RSFF of most trees in the ur-
ban  forest  was  relatively  large.  The  only
tree species with  SA >  1.0 was the sacred
fig. This indicates that the LVV of this tree
species  was  slightly  more  dominant  than
its  RSFF.  The  SA was 0.5 to 3.0 for white
champaca, indicating that the vertical spa-
tial distribution for this tree species was di-
verse.

SA of different tree species in UFA
The proportion of individual trees with an

SA <  1.0  was  83%  among  the  top  30  tree
species  in  the forest  communities  in  UFA
(see Fig. S4 in Supplementary material for
SA of different tree species in UFA), indicat-
ing that the RSFF of most trees in the ur-
ban  forest  was  relatively  large.  The  tree
species with  SA > 1.0 were weeping paper-
bark,  lofty  fig  (Ficus  virens),  African  ma-
hogany, sea hibiscus, and Moluccan albizia,
indicating that the LVV of these tree spe-
cies was slightly more dominant than their
RSFF. The SA was 0 to 1.5 for Kashi holly and
herba ficus, indicating that the vertical spa-
tial distributions of these tree species were
diverse.

SA values of the same tree species in 
different areas

We  analyzed  tree  species  in  CUA,  SUA,
and UFA and found that  the  SA values of
the same tree species were very similar in
different areas (Tab. 3). African mahogany,
a foliage tree, was more spatially diverse in
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Tab. 2 - SA of respective tree species in different cities. Classes: I, SA < 0.5; II, SA 0.5-1.0; III, SA ≥ 1.0; IV, SA 0.5-3.0.

Common
name

Scientific
name

Spatial distribution characteristics SA Deciduous/
evergreen

Flowering 
period Flowering/foliage

Guangzhou Foshan Zhuhai

White champaca Michelia × alba III II II Evergreen Apr-Sept Flowering (white), 
foliage

Giant crepe-myrtle Lagerstroemia speciosa II II II Deciduous May-Jul Flowering (purple)

Royal poinciana Delonix regia I II I Deciduous Jun-Jul Flowering (red)

Araguaney Handroanthus chrysanthus I I I Deciduous Mar-Apr Flowering (yellow)

Floss silk tree Ceiba speciosa I II I Deciduous Oct-Dec Flowering (pink)

Cotton tree Bombax ceiba I II I Deciduous Mar-Apr Flowering (red)

Blackboard tree Alstonia scholaris I II I Evergreen Jun-Sept Foliage

Herba ficus Ficus concinna III IV II Evergreen Mar-Jun Foliage

Mountain ebony Bauhinia variegata I II I Deciduous May-Apr Flowering (pink)

Camphor tree Cinnamomum camphora IV II II Evergreen Apr-May Foliage

Fig. 3 -  SA of different tree species in CUA. The numbers on the x-axis represent tree
species: 1, flame bottletree; 2, Australian umbrella tree (Brassaia actinophylla); 3, giant
crepe-myrtle;  4,  earleaf acacia;  5,  Cuban royal  palm; 6,  African mahogany;  7,  royal
poinciana; 8, eugenia cumini; 9, araguaney; 10, African tulip tree; 11,  cockspur coral
tree;  12,  hairy-fruited  elaeocarpus;  13,  blue  jacaranda  (Jacaranda  mimosifolia);  14,
Queensland peppermint (Eucalyptus exserta); 15, Indian mahogany; 16, Masson’s pine
(Pinus massoniana); 17, mango (Mangifera indica); 18, floss silk tree; 19, pygmy date
palm(Phoenix roebelenii); 20, cotton tree; 21, Moluccan albizia; 22, blackboard tree; 23,
Chinese fan palm; 24, bishop wood; 25, herba ficus; 26, purple bauhinia (Bauhinia pur-
purea); 27, Java apple; 28, mountain ebony; 29, narra (Pterocarpus indicus); and 30,
camphor tree. The numbers on the y-axis represent the value of SA.
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Urban forest spatial distribution

CUA. It was dominant in the RSFF in SUA
and in the LVV in UFA. Other tree species
were relatively dominant in the RSFF.

SA of different types of urban forests

SA of different tree species in closed 
forests

Fig. 4 shows that the proportion of indi-
vidual trees with  SA < 1.0 was 84% among
the top 30 tree species in closed forests, in-
dicating that the RSFF of most tree forests
in the urban forest was relatively large. The
tree species with SA > 1.0 were council tree
and Moluccan albizia, suggesting that their
LVV was more dominant than their RSFF. SA

was 0 to 2.0 for the sausage tree, African
mahogany,  eugenia  cumini,  and  herba  fi-
cus, indicating that the vertical spatial dis-
tribution of these tree species was diverse.

SA of different tree species in open 
woodlands

The proportion of individual trees among
the top 30 tree species in open woodland
with SA < 1.0 was 90% (see Fig. S5 in Supple-
mentary  material  for  SA of  different  tree
species in open woodlands), indicating that
the RSFF of most trees in the urban forest
was relatively large. The  SA of golden jas-
mine tree (Radermachera hainanensis) was
> 1.0. This suggested that the LVV of this
tree  species  was  more dominant  than its
RSFF. The SA for the flame bottletree, Afri-
can mahogany, and council  tree was 0 to
2.5, indicating that the vertical spatial dis-
tributions  of  these  tree  species  were  di-
verse.

SA of different tree species in forest areas 
close to water bodies

The proportion of individual trees among
the top 30 tree species in forest areas close
to water bodies with SA < 1.0 was 88% (see
Fig. S6 in Supplementary material for SA of
different tree species in forest areas close
to water bodies), indicating that the RSFF
of most trees in the urban forest was rela-

tively large. The tree species with  SA > 1.0
were the Cuban royal palm (Roystonea re-
gia), lofty fig, the blackboard tree, and Chi-
nese fan palm, suggesting that the LVV of
these  tree  species  was  more  dominant
than their RSFF. The SA for weeping paper-
bark was 0 to 2.0, indicating that the verti-
cal spatial distribution of this tree species
was diverse.

SA of different tree species in forest areas 
beside buildings

The proportion of individual trees among
the top 30 tree species in forest areas be-
side buildings  with  SA <  1.0  was  83% (see
Fig. S7 in Supplementary material for SA of
different tree species in forest areas beside
buildings), indicating that the RSFF of most
trees  in  the  urban  forest  was  relatively
large. The tree species with  SA > 1.0 were
white champaca, weeping paperbark, Afri-
can mahogany, and eugenia cumini. This in-

dicates that the LVV of these tree species
was slightly better than their RSFF. The  SA

for tiger’s claw (Erythrina variegata) and sa-
cred fig was 0 to  2.0,  indicating that  the
vertical  spatial  distribution  of  these  tree
species was diverse.

SA of same tree types in different urban 
forests

Analyzing the tree species in the closed
forest, open woodland, forest areas close
to  water  bodies,  and  forest  areas  beside
buildings revealed that the SA values of the
same tree species were very similar in dif-
ferent types of urban forests (Tab. 4). The
LVV of the forest areas close to water bod-
ies  was  dominated  by  Cuban  royal  palm
and the blackboard tree, which are foliage
tree  species.  The  closed  forest,  open
woodland,  and  forest  areas  beside  build-
ings primarily contributed to the RSFF. Dif-
ferent  tree  species  were  relatively  domi-
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Tab. 3 - SA of respective tree species in core urban areas (CUA), semi-urban areas (SUA), and urban fringe areas (UFA). Classes: I, SA <
0.5; II, SA 0.5-1.0; III, SA ≥ 1.0; IV, SA 0.5-3.0.

Common
name

Scientific
name

Spatial distribution characteristics SA Deciduous/ 
evergreen

Flowering 
period Flowering/ foliage

CUA SUA UFA

Giant crepe-myrtle Lagerstroemia speciosa II II II Deciduous May-Jul Flowering (purple)

African mahogany Khaya senegalensis IV I III Evergreen Mar-May Foliage

Royal poinciana Delonix regia I II I Deciduous Jun-Jul Flowering (red)

Araguaney Handroanthus chrysanthus I I I Deciduous Mar-Apr Flowering (yellow)

African tulip tree Spathodea campanulata II II II Deciduous Apr-May Flowering (red)

Floss silk tree Ceiba speciosa I II I Deciduous Oct-Dec Flowering (pink)

Cotton tree Bombax ceiba I II I Deciduous Mar-Apr Flowering (red)

Blackboard tree Alstonia scholaris I II I Evergreen Jun-Nov Foliage

Chinese fan palm Livistona chinensis I I I Evergreen Apr Foliage

Bishop wood Bischofia javanica II I I Evergreen Apr-May Foliage

Mountain ebony Bauhinia variegata I II I Deciduous Mar-Apr Flowering (pink)

Camphor tree Cinnamomum camphora IV II II Evergreen Apr-May Foliage

Fig. 4 - SA of different tree species in closed forests. 1, white champaca; 2, giant crepe-
myrtle; 3, Cuban royal palm; 4, sausage tree (Kigelia africana); 5, African mahogany; 6,
Taiwanese sweet gum; 7, royal poinciana; 8, council tree; 9, eugenia cumini; 10, Hong
Kong orchid tree; 11, araguaney; 12, African tulip tree; 13, hairy-fruited elaeocarpus ; 14,
golden shower tree;  15,  Queensland peppermint;  16,  mango; 17,  floss silk  tree;  18,
pygmy date palm; 19, cotton tree; 20, Moluccan albizia; 21, blackboard tree; 22, Chi -
nese fan palm; 23, bishop wood; 24, Hainan oil-fruit tree; 25, burflower-tree; 26, Mada-
gascar almond tree (Terminalia neotaliala); 27, dieng-kachiri; 28, purple bauchinia; 29,
mountain ebony;  and 30,  camphor tree.  The numbers on the  y-axis  represent the
value of SA.
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nant in the RSFF in different types of urban
forests.

Discussion

Point cloud generated by LiDAR scanner
can obtain LVV and RSFF

In this study, we used a handheld SLAM-
100 LiDAR scanner to survey every tree in
the quadrats. Compared with the research
time and cost of previous research meth-
ods  (Zhou & Sun 1995,  Wang et  al.  2013,
Dong & Wan 2019, Wei et al. 2020, Chen et
al.  2021)  that  used  empirical  formulas  to
calculate  the  LVV  and  RSFF  using  tree
crown  and  branch  height  data,  the  re-
search  time  and  cost  in  this  study  were
greatly reduced (Zhou et al. 2020, Zhu et al.
2020). Using LiDAR to generate point cloud
data,  without  considering  tree  shape,  re-
duced the requirement for personnel  and
the research accuracy was improved (Xu et
al.  2021).  The LiDAR scanner  was used to
monitor LVV and RSFF for a prolonged pe-
riod and to analyze the temporal pattern of
the  spatial  distribution  characteristics  of
trees.  This  would  allow  the  Urban  Land-
scaping  Department  to  formulate  corre-
sponding  strategies  to  consider  the  LVV
and RSFF in order to achieve ecological and
social  benefits.  However,  the LiDAR scan-
ner  still  had some limitations  in  terms of
tree recognition, similar to the conclusion
of research based on the use of backpack
LiDAR (Li et al. 2022). In this study, the tree
species identification method involved arti-
ficial statistics, and a fully automatic proc-
ess for calculating the LVV and RSFF was
not  achieved.  When  the  sample  size  of
trees was large or the density of shade was
high, the calculation efficiency was limited.
Therefore,  a tree species identification al-

gorithm  should  be  used  in  the  future  to
produce a rich database of the basic mor-
phology  of  different  tree  species  so  that
they can be identified intelligently and ac-
curately,  and the  LVV  and  RSFF  of  urban
forests can be obtained fully automatically.

Regional differences affect the spatial 
distribution characteristics of urban 
forests

The spatial  allocation strategy for urban
forests in cities did not only fully elucidate
and efficiently utilize the limited urban land
resources, but improved the landscapes of
urban forests and provided high-quality en-
vironments for citizens and animals (Liu et
al. 2008). The spatial distribution character-
istics of urban forests changed with the cli-
mate environments and greening manage-
ment  strategies  of  different  cities.  This
study indicated that the proportion of LVV
of  royal  poinciana,  floss  silk  tree,  cotton
tree, blackboard tree, and mountain ebony
in Guangzhou and Zhuhai was less than 0.5,
whereas the proportion of  LVV in Foshan
was  greater  than  0.5.  The  vertical  struc-
tural  distributions of these trees in differ-
ent cities may differ due to various factors,
such as planting time and soil  conditions.
The  distribution  of  foliage  tree  species,
such as herba ficus and camphor tree, was
more diverse in the LVV than in the RSFF in
different  cities.  This  may  occur because
these  tree  species  are  strongly  disturbed
by human activity in urban forests. In the
process of forest community development,
the  vertical  structure  of  trees  will  be  af-
fected by factors such as competition and
trees  in the understory.  Additionally,  spa-
tial heterogeneity, human disturbance, dis-
asters,  and  other  environmental  factors
also affect  the vertical  structural  distribu-

tion of trees. The main influencing factors
of the RSFF are the crown projection area
and the lowest point of branching.

Assessing the potential of social media 
for estimating the RSFF of urban forests

Similar  to  previous  research,  this  study
took the size of the RSFF as a proxy to esti-
mate  the  recreational  potential  of  urban
forests.  The  main  factor  influencing  the
RSFF observed in this study was the rela-
tionship  between  the  canopy  projection
area and the lowest branch point. In the ur-
ban  environment,  the  empty  understory,
small trees, and shrubs together constitute
the  RSFF  (Zhao  et  al.  2020b).  The  small
trees and shrubs play an important role in
regulating  the  RSFF  and  LVV.  Chen et  al.
(2018) studied  the  LVV  of  artificial  green
spaces in a rehabilitation hospital,  report-
ing that trees and shrubs should be reason-
ably allocated in developing the plant con-
figuration of small-scale artificial green spa-
ces and that the vertical coverage area of
greenery should be expanded. In addition,
trees with a large crown should be planted,
and indiscriminate tree planting should be
avoided. However, the focus of the above
research was the size of the RSFF. People
are  the  key  users  of  urban  forests.  The
quality and function of the RSFF cannot be
accurately  evaluated  without  monitoring
people’s recreational activities (Wartmann
et al. 2021).  Such monitoring data was of-
ten  difficult  to  obtain  in  previous  large-
scale RSFF assessments. Owing to the rap-
id  development  of  social  media,  such  as
WeChat, Weibo, and 2bulu,  we can evalu-
ate the utilization of the RSFF with the aid
of relevant positioning data.  It is possible
to conduct a comprehensive evaluation of
the size and usage frequency of the RSFF

141 iForest 16: 136-143

Tab. 4 - SA of the same tree species in different types of forests. Classes: I, SA < 0.5; II, SA 0.5-1.0; III, SA ≥ 1.0; IV, SA of 0-3.0.

Common
name

Scientific
name

Spatial distribution characteristics SA

Deciduous/ 
evergreen

Flowering 
period

Flowering/ 
foliageClosed

forest
Open

woodland

Forest areas
close to

water bodies

Forest areas
beside

buildings

Giant crepe-myrtle Lagerstroemia speciosa II II II II Deciduous May-Jul Flowering 
(purple)

Cuban royal palm Roystonea regia I I III I Evergreen Mar-Apr Foliage

Araguaney Handroanthus 
chrysanthus

I I I I Deciduous Mar-Apr Flowering 
(yellow)

Mango Mangifera indica I I II I Evergreen Jan-Feb Foliage

Floss silk tree Ceiba speciosa I I II I Deciduous Oct-Dec Flowering 
(pink)

Cotton tree Bombax ceiba I I I I Deciduous Mar-Apr Flowering 
(red)

Blackboard tree Alstonia scholaris I I III I Evergreen Jun-Nov Foliage

Bishop wood Bischofia javanica I II I I Evergreen Apr-May Foliage

Madagascar 
almond tree

Terminalia neotaliala I I I I Evergreen - Foliage

Mountain ebony Bauhinia variegata I I I I Deciduous Mar-Apr Flowering 
(pink)

Camphor tree Cinnamomum 
camphora

II II II II Evergreen Apr-May Foliage

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Urban forest spatial distribution

using social media, and it can more reason-
ably reflect and estimate the RSFF of urban
forests. This is also the mainstream direc-
tion of recreational  urban forest use esti-
mation worldwide (Komossa et al. 2020).

Dynamic assessment of the spatial 
distribution characteristics and their 
impact on the ecological function of 
urban forests

Dynamic temporal changes in the spatial
distribution of LVV and RSFF are caused by
forest succession, growth, and phenology;
evaluating  these  changes  is  one  of  the
most effective strategies to further explore
the ecological and landscape services pro-
vided by urban forests.  By  considering the
LVV and RSFF,  this  study focused on fac-
tors such as tree size, spatial distribution,
and distribution  strategy,  providing  static
research results; however, we did not con-
sider the effect of  time in relation to the
spatial  distribution  of  the  LVV  and  RSFF.
This remains a limitation of this research –
the dynamics of the LVV and RSFF change
over  time  with  changes  in  forest  succes-
sion,  growth,  and  phenology.  Therefore,
the  construction  of  index parameters  re-
flecting this dynamic process can aid in sci-
entifically  evaluating  the  ecological  and
recreational  landscape functions of urban
forests,  such  as  the  temporal  stability  of
the LVV and RSFF. In addition to the visual
landscape of the LVV and recreational  ef-
fects of the RSFF mentioned in this study,
the spatial  distribution characteristics  and
forms of urban forests will also affect eco-
logical  functioning,  such  as  the  thermal
comfort and cooling effects of tree shading
(Sabrin et al.  2021).  Therefore, it is neces-
sary to study the characteristics and forms
of LVV and RSFF in detail in the future and
conduct  correlation  analysis  of  the  func-
tions of urban forests in order to maximize
their ecological benefits.

Conclusions
Comparing  the  LVV  with  the  RSFF  re-

vealed the following: the LVV of flowering
tree  species,  such  as  giant  crepe-myrtle,
royal poinciana, araguaney, floss silk tree,
cotton tree, blackboard tree, and mountain
ebony,  was  relatively  small  in  different
cities.  The  LVVs  of  foliage  trees,  such  as
white champaca, herba ficus, and camphor
tree,  were  relatively  large  in  Guangzhou,
whereas they were relatively small in Zhu-
hai.  In  the  CUA,  SUA,  and  UFA  of  urban
forests,  the  same tree  species  accounted
for  small  proportions  of  the  LVV.  Among
them,  African  mahogany,  a  foliage  tree,
showed a highly diverse spatial distribution
in  CUA;  its  RSFF  was  dominant  in  SUA,
while  its  LVV  was  dominant  in  UFA.  The
proportion of the LVV of foliage trees, such
as Cuban royal palm and blackboard tree,
in the forest areas close to water was rela-
tively  large,  whereas  the  proportions  of
the  LVVs  of  araguaney,  mango,  floss  silk
tree,  cotton tree, blackboard tree, bishop
wood, Madagascar almond tree, mountain

ebony, and camphor tree in the closed for-
est,  open woodland, forest areas close to
water  bodies,  and  forest  areas  beside
buildings were relatively small.

Urban  forests  should  be  configured  ac-
cording to the spatial  distribution charac-
teristics of different tree species. For exam-
ple, the SA of giant crepe-myrtle was stable
and ranged between 0.5 and 1.0 in differ-
ent cities, regions, and types of urban for-
ests,  whereas  the  LVV  of  araguaney  was
less than 0.5,  suggesting that external in-
terference  did  not  considerably  affect
these two species. Araguaney is a flower-
ing tree; its yellow flowers are highly orna-
mental  when  in  full  bloom.  However,  its
crown  width  is  small  after  the  flowering
period, and the LVV is small as well. There-
fore, this tree is suitable for planting in ar-
eas  with  ornamental  landscaping  require-
ments, but not in areas that require shade
for recreational purposes.

The LVV and RSFF are both complemen-
tary and contradictory. An increase in the
LVV can effectively improve ecological ben-
efits.  However,  it  may  also  decrease  the
RSFF  and  reduce  the  cooling  benefits  of
the tree crown for urban residents. There-
fore,  the  spatial  distribution  strategy  of
tree species should be carefully considered
according  to  the  main  functional  require-
ments when allocating urban trees.
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