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Abstract Differences in forest attributes and carbon
sequestration of each organ and layer between broadleaved
and conifer forests of central and outer urban areas are not
well-defined, hindering the precise management of urban
forests and improvement of function. To clarify the effect
of two forest types with different urbanization intensities,
we determined differences in vegetation composition and
diversity, structural traits, and carbon stocks of 152 plots
(20 mx 20 m) in urban park forests in Changchun, which had
the largest green quantity and carbon density effectiveness.
We found that 1.1-fold thicker and healthier trees, and 1.6- to
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2.0-fold higher, healthier, denser, and more various shrubs
but with sparser trees and herbs occurred in the central urban
forests (p <0.05) than in the outer forests. The conifer forests
exhibited 30~70% obviously higher tree aboveground carbon
sequestration (including stem and leaf) and 20% bigger trees,
especially in the outer forests (p < 0.05). In contrast, 1.1- to
1.5-fold higher branch stocks, healthier and more diverse
trees were found in broadleaved forests of both the inner
and outer forests (p < 0.05). Plant size and dominant species
had similarly important roles in carbon stock improvement,
especially big-sized woody plants and Pinus tabuliformis.
In addition, a higher number of deciduous or needle species
positively affected the broadleaved forest of the central urban
area and conifer forest of the outer urban area, respectively.
These findings can be used to guide precise management
and accelerate the improvement of urban carbon function in
Northeast China in the future.

Keywords Species diversity - Forest characteristics -
Biomass carbon sink - Forest-type effect - Urbanization
effect - Urban forests

Introduction

Since the industrial revolution, technological advances and
rapid urban development have been prevalent, resulting in
increased atmospheric greenhouse gases, such as CO,, and
these global changes threaten anthropogenic development
(Seto and Shepherd 2009; Kashiwagi 2016). Urban areas
are essential locations where human populations are directly
affected by the deteriorating environment (Mitchell et al.
2018). Urban forests have played a crucial role in reduc-
ing atmospheric CO, and improving the urban environment
through storing excess carbon as biomass, and increasing
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biomass and organic matter accumulation (Main-Knorn
et al. 2011; Ni 2013).

Although many innovative methods have been applied
to resolve urbanization problems, such as terrestrial laser
scanning and ENVI-met software to estimate vegetation
structural traits and microclimate for specific regions (Wu
et al. 2022; Wang et al. 2023), field survey investigation
has been found to be more reliable and irreplaceable in
terms of providing detailed data on each layer. Forest veg-
etation composition and community structural character-
istics are the foundation of terrestrial ecosystems, which
support green infrastructure for cities (Wang et al. 2019a).
Moreover, shrubs and herbs with a relatively small con-
tribution to urban forests compared with trees, which also
play an indispensable role in urban greenspace, should not
be underestimated (Wang et al. 2021b). A comprehensive
understanding of the composition and diversity of taxonomic
species among the forest vegetation, as well as structural
characteristics at different vertical layers, is conducive to
providing a holistic view of the forest attributes and reveal
the mechanisms underlying functional improvement of the
forest ecosystem (Wang et al. 2020a, 2021a). In urban forests
with extreme fragmentation and manual management inter-
ference, the forest assembly, community traits, and carbon
function were found to be more complex between different
species and categories (Escobedo et al. 2011; Gratani et al.
2016). Broadleaf and conifer forests are common species
categories in plantations and natural forests (Marshall and
Waring 1984), and comparison between the two forest types
was found to be beneficial in revealing forest ecosystem
function and successional development (Liu et al. 2013).
Therefore, the effect on forest attributes and carbon sink
function of a plant arrangement dominated by broadleaf and
conifer trees is deemed worth exploring.

Proper forestry management effectively mitigates increas-
ing atmospheric CO, concentrations in addressing serious
environmental challenges (Zhang et al. 2013; Carretero et al.
2017). Decoupling the complex relationship among urban
forest communities (species composition and diversity, and
plant size) and ecosystem function (carbon sequestrated)
with different urbanization intensity supports the suitable
management to reach standardized and accept conclusions
for urban forests. Selecting an appropriate statistical analy-
sis method is crucial to decoupling the associations among
dominant species, diversity, and forest structure, as well
as tree and shrub carbon stocks, to discover the underly-
ing mechanism of the improvement of carbon sink func-
tion. Redundancy analysis (RDA) has been used to identify
these complex associations (Zhang et al. 2018; Wang et al.
2018, 2019b). Forest attributes, including tree-size structures
and leaf functional traits, in natural forests can play a cru-
cial role in aboveground biomass or productivity (Ali et al.
2018; Dong et al. 2019). Among these, the “big-sized tree
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hypothesis™ has recently been a topic of discussion (Ali et al.
2019). In previous studies, the top 1% of larger-size trees
in individual plots was used to indicate the big-sized trees,
which could better explain the association among species
composition, richness, and aboveground biomass in natural
forests (Lutz et al. 2018; Ali et al. 2019), and the percen-
tile scores of larger vegetation were attributed to statistical
stability, such as high R? and low root mean square error
(RMSE). However, urban forests are usually heterogeneous,
fragmented, scattered, and surrounded by many impervious
surfaces compared with natural forests (Shen et al. 2020).
The morphological traits, functions, and structure of vegeta-
tion provide a wide range of ecosystem services and benefits
that can alleviate the adverse effects of urbanization (Lin
et al. 2019).

Changchun, the capital city of Jilin Province in China, is
important in the urban agglomeration of northeastern China
and has many adventitious plants from Changbai Mountain.
Changchun is considered a “Forest City,” the studies on its
urban forest are necessary. In this study, broadleaved and
coniferous forests located in urban parks of Changchun’s
inner and outer urban areas were investigated in detail. We
aimed to achieve the following objectives:

(1) Clarify the effect of urbanization and forest-type effect
on forest attributes trees, shrubs, and herbs and their
carbon stocks;

(2) Explore the association among carbon stocks, dominant
vegetation composition, structural characteristics, and
species diversity;

(3) Assess possible carbon sequestration improvement
from species and structural trait perspectives and future
implications.

This study precisely evaluated carbon sink function and
provided active measures for urban forest management
(Technical route in Fig. 1). The results are expected to be
instructive for similar greenspaces planned in the future.

Materials and methods
Study area

The study area was located within the ring expressway of
Changchun, Jilin Province, China (125°15'-125°29" E,
43°45'-43°59" N; Fig. 2). By the end of 2020, the permanent
urban resident population was approximately 15 million, and
the urbanization rate of the population was 62.64% (China
Statistical Yearbook 2020). Changchun City is located in the
hinterland of the Great Plains in Northeast China, with an
average annual temperature of 4.8 °C and an average annual
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Study site Urban park forest in Changchun

Urbanization effect Forest-type effct

(Inner & Outer area) (Broadleaved & Conifer forest)

m Biomass carbon stocks of layers

Multiple effects on
forest attributes

(Tree and Shrub )

Species diversity
Biomass carbon stocks of organs
(leaf, stem, branch and root)

Association decoupling Association most significant factors

Multiple aims “Big-size tree Key species Diversity Carbon sequestration
conservation hypothesis” options conservation improvement

Implications 1. Precise evaluation of carbon sink function
2. Active measures for urban forest management

Fig. 1 Technical route of this study
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Fig. 2 Study plot in Changchun urban forest
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precipitation of 567 mm (Chang et al. 2022). Park forests,
with the most abundant species and the highest carbon den-
sity in the urban forest, were the main forest type involved
in this study (Wang et al. 2021b).

Experimental design, field investigation, and data
collection

The stratified random sampling method was used to deter-
mine and allocate the number of sample plots. All sampling
plots were located in urban parks, with the largest green
amount and carbon density. Ring Roads were adopted as the
dividing lines for investigating the urbanized areas based on
Changchun’s concentric circle structure (Ma et al. 2021). A
total of 152 plots were divided into inner (70 plots located
in the inner area) and outer areas (82 plots located in the
outer area) based on the urban development and location.
Sampling sites on the ring-road 1 and 2 in the light green
area belong to the inner urban area; sampling sites on the
ring-road 3, 4 and 5, and suburban park in the dark green
area belong to the outer area (Fig. 2). The broadleaved and
conifer forests were defined as the relative abundance of
trees of more than 50% of these two types. The number of
broadleaved and conifer forests was 76 in the 152 plots.
Among these, 41 broadleaved and 29 conifer forests were
surveyed in the inner urban area, and 35 broadleaved and 47
conifer forests were found in the outer area.

Field surveys were conducted from June to August 2022.
Each plot measured 20 m X 20 m. During the survey, plant
species names and structural traits of trees, shrubs and herbs
were investigated in detail. For trees, tree height (Th), the
diameter at breast height (DBH), tree under crown height
(Uch), tree crown diameter (Tcd), tree density (Td), and tree
health degree (Thd) were recorded. For shrubs, shrub height
(Sh), shrub crown diameter (Scd), shrub density (Sd), and
shrub health degree (Shd) were measured. Moreover, the
herb surveyed items included the relative coverage of each
species (Hc), which was measured as the ratio of the area
of the surveyed species to the total surveyed area in per-
centage. Plant density was calculated as the total individual
quantity in each plot divided by the plot area. The health
degree ranged from O to 4, according to the comprehensive
evaluation of leaves, branches, stems, and individual plants.
These grades were as follows: (0) dead, (1) dying, 76-99%
of the crown was composed of dead branches (2) critical,
51-75% dead branches, (3) poor, 26-50% dead branches,
and (4) excellent and fair, no prominent dead branches inside
the tree crown (<25%). Plot information such as canopy
density, altitude, latitude, and longitude of each sampling
plot were also recorded.
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Species diversity calculation

Using the field survey data, four species diversity indices
were calculated (Egs. 1-4) (Ma et al. 1997):

Richness index : R =S (1)

Diversity indices : Shannon — wiener indexH' = — Z P;In P,
2
Simpsonindex : D =1 — Z Pl.2 ?3)

Pielou evenness indices : Jsw = (— Z P;1n Pi) /InS (4)

where, P; is the proportion of the number of species i to
the total number of the species, and S is the total of species
i in the sampling plot.

Structural parameter calculation

In the plot, the mean value of most community structural
parameters was calculated using the general average formula
outlined in Eq. 5, including tree diameter at DBH, Th, Uch,
Ted, Thd, Sh, Scd and Shd. Td and Sd refer to Eq. 6, and Hc
refers to Eq. 7:

Averagevalue(M) : M = (Z z D)/ z n (5)
i=1 j=1 i=1
Density(D) : D = Z n/A (6)
i=1
Coverage(C) : C = (Z ¢;)/m @)
i=1

where, Dij is the structural index of the No. j tree in the No.
i species; m is the total species number; n is the measured
tree for each species; c; is the coverage of i species; and A
is the area of the plot.

Dominant species abundance calculation

Dominant species were recognized by ranking all the spe-
cies of the pooled data for all plots according to the impor-
tant value. All species names and their quantities (relative
abundance, frequency, prominence, and important value)
are listed in the supplementary material (Tables S1—S3),
and the top five tree and shrub species were defined as the
dominant species. The calculations of relative abundance,
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frequency, prominence, and important value are shown in
Egs. 8-11.

Subsequently, the relative abundance of dominant species
(genera and families) in each plot was calculated as the aver-
age value of the proportion of the species individual quantity
and the total individual amount of all species in each plot:

Importantvalue(IV) : IV =(C+ F + P)/3 (8)

Relativecoverage(C) : C = Ci/(z C;) % 100% )

i=1

Relativefrequency(F) : F = F,-/(Z F;) x 100%

i=1

(10)

Relativeabundance(P) : P = P;/ (Z P;) x 100% (11)

i=1

where, C, F and P are the relative coverage, frequency, and
abundance of each species, respectively; m is total species
number; C; is the coverage of the it species; F; is the fre-
quency of the i species; and P, is the abundance of the i
species.

Aboveground carbon storage calculation

The aboveground biomass was evaluated by species-specific
allometric equations, using tree DBH, height, and shrub
crown diameter, respectively (Hu et al. 2015; Fan et al. 2011;
Wang et al. 2005, 2022). The total aboveground biomass was
the sum of individual aboveground biomass of all plants in
each plot and the aboveground carbon amount was derived
by total aboveground biomass multiplied by a factor of 0.5
(Guo et al. 2010). Carbon stocks were calculated by total
carbon storage per unit area in each plot (Mg ha™?).

Data processing and association decoupling

To identify the broadleaved versus conifer effects averaged
among the central and outer urban forests, two-way analysis
of variance (Two way ANOVA) was conducted for check-
ing the interaction effect of forest type and location (inner
and outer). The paired difference (broadleaf/conifer ratio of
marginal-mean from Two way ANOVA; Xp,~=Xy/X) was
used to describe the differences between broadleaved and
conifer forests, and the least statistical significances between
two types are shown as *; the significant differences among
different urbanization areas are shown in the top right corner
of the associated figures; All analyses were performed using
SPSS 22.0 IBM SPSS, USA).

The top 50% of the big-sized trees and 25% of big-sized
shrubs were used to quantify the effect of big-sized trees and
shrubs within each plot. The top 50% of big-sized trees was
quantified using the 50th percentile scores for tree diameter,
height, and crown diameter within each plot. The top 25%
of big-sized shrubs was quantified using the 75th percentile
shrub height and crown diameter scores within each plot. In
this study, we used the 50th percentile score (50%) of tree
DBH, height, and crown diameter to represent the big-sized
tree attributes because of the stability of high R? and low
RMSE values among the 50% tree diameter, height, crown
diameter, and aboveground carbon density data (although R?
increased and RMSE decreased from 10 to 75%, the raise
rate decreased from 50 to 75% attributes, see Figs. Sla—c).
In addition, the 75th percentile score (25%) of shrub height
and crown diameter was chosen to represent the big-sized
shrubs’ attributes owing to the relatively high R? and lowest
RMSE (Figs. S1d and e). The variation partitioning analysis
of “Var-part-3 groups-Conditional-effects-tested” and for-
ward selection were used to determine the most important
part and significant factors. Canoco 5 software was used for
RDA and variation partitioning analysis (Biometrics Ltd.,
Plant Research International, Netherlands).

Results

Urban forest vegetation composition and dominant
species

In the park’s urban forest, 69 tree species belonging to 33
genera and 20 families were surveyed in our study. The most
important tree species was Pinus tabuliformis, comprising
12.4% of all species, followed by Larix gmelinii and Pinus
sylvestris, accounting for 10.7% and 7.9%, respectively.
Quercus mongolica, Pinus koraiensis, and Ulmus pumila
accounted for 5-7% (Fig. 3a, in bold). Phellodendron amu-
rense, Prunus padus and Picea koraiensis accounted for
3.2-4.1% (Fig. 3a). Twenty-two shrub species belonging to
19 genera and 11 families were surveyed in our study, and
the most important three shrub species in the urban forest
were Lonicera japonica, Sambucus williamsii and Syringa
oblate, which accounted for 11.9-24.4%, followed by Sor-
baria sorbifolia and Acer tataricum, at 6-6.5% (Fig. 3b,
in bold). Prunus triloba, Philadelphus schrenkii, and Les-
pedeza bicolo accounted for 4-5% (Fig. 3b). The top five
species (shown in bold in the figure) were considered the
dominant tree and shrub species in the urban forest accord-
ing to the important value (IV).
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Fig. 3 Percentage of tree (a) and shrub (b) species in urban forests according to important value. The top 10 species are labeled, with the domi-

nant species in bold

Table 1 Two-way analysis of

. ; Type* location df F p value Type* location df F p value

variance of location and forest

type Th 1.00 1.40 0.24 D 1.00 0.95 0.33
DBH 1.00 1.80 0.18 TS 1.00 0.20 0.66
Ted 1.00 0.01 091 TJ 1.00 0.37 0.55
Sh 1.00 0.22 0.64 SH 1.00 0.77 0.38
Scd 1.00 0.06 0.81 SD 1.00 0.58 0.45
Uch 1.00 0.30 0.59 SS 1.00 1.21 0.28
Thd 1.00 0.19 0.67 N 1.00 0.32 0.57
Td 1.00 5.69 0.02 TCs 1.00 0.01 0.91
Shd 1.00 0.75 0.39 TCb 1.00 0.74 0.39
Sd 1.00 0.34 0.56 TCl 1.00 0.02 0.88
Hc 1.00 0.08 0.78 Tcag 1.00 0.23 0.63
HS 1.00 0.23 0.63 TCr 1.00 0.01 0.92
TH 1.00 0.61 0.44 SC 1.00 0.34 0.56

Two-way analysis of variance of location and forest type

The interaction effect of forest type and location on struc-
tural traits, plant species diversity, and biomass carbon
stocks of each organ were non-significant except for tree
density (Table 1). Moreover, the main effect of forest type
showed that biomass carbon stocks of tree leaf, stem, and
aboveground of broadleaved forests accounted for 40-70%
of conifer forests, and tree under crown height, tree height,
and DBH in broadleaved forests accounted for 60-90% of
the conifer forests. However, tree health degree and species
diversity in broadleaved forests accounted for 1.2- to 1.7-
fold of conifer forests (p <0.05, Table 2 left). Larger and
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healthier tree and shrubs, and two- to three fold denser and
more diverse shrubs but with only 70% of herb coverage
and richness, were found in the inner area (p <0.05, Table 2
right).

Tree height (Th), the diameter at breast height (DBH),
tree crown diameter (Tcd), shrub height (Sh), shrub crown
diameter (Scd), tree under crown height (Uch), tree health
degree (Thd), tree density (Td), shrub health degree (Shd),
shrub density (Sd), herb coverage (Hc), and herb Richness
index (HS); TH, TD, TS, TJ and SH, SD, SS, SJ are the
Shannon—Wiener, Simpson, richness and evenness indices of
trees and shrubs. TCs, TCb, TCI, TCr are the carbon storage
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Table 2 Main effect of forest type and location

Category Factors Forest type Location

Broadleaved Conifer B/C p value Inner Outer /0 p value

Carbon stocks Tcag 58.4+7.2 97.8+74 0.6 0.00 82.2+7.6 73.9+7 1.1 0.43
TCs 55.5+4.7 84.1+4.8 0.7 0.00 73.4+5 66.3+4.6 1.1 0.29
TCl 9.8+23 25.3+2.3 0.4 0.00 189+24 162+2.2 1.2 0.42
SC 0.04+0.01 0.03+0.01 1.3 0.49 0.04+0.01 0.03+0.01 1.3 0.68
TCb 16.8+1.9 14.4+2 1.2 0.00 152+2 16+1.9 1.0 0.79
TCr 13.6+1.7 185+1.8 0.7 0.05 145+1.8 17.6+1.7 0.8 0.22

Structural traits Th 13.9+0.5 16.1+0.5 0.9 0.01 15.5+0.6 145+0.5 1.1 0.22
DBH 20.3+0.6 23.5+0.7 0.9 0.00 232+0.7 20.7+0.6 1.1 0.01
Uch 4.1+04 72+04 0.6 0.00 5.6+04 57+04 1.0 0.86
Ted 72402 6.9+0.2 1.0 0.23 7.1+£0.2 6.9+0.2 1.0 0.46
Thd 2.7+0.1 2+0.1 1.4 0.00 25+0.1 22+40.1 1.1 0.02
Td 0.07+0.004 0.08 +0.004 1.0 0.34 0.07 +0.004 0.08 + 0.004 0.9 0.06
Sh 0.9+0.1 0.8+0.1 1.1 0.45 1.1+0.1 0.7+0.1 1.6 0.04
Scd 0.8+0.1 0.7£0.1 1.1 0.47 09+0.2 0.6+0.1 1.5 0.22
Shd 0.7£0.1 0.7£0.1 1.0 0.79 1+0.1 0.5+0.1 2.0 0.01
Sd 0.01+0.004 0.02+0.004 0.5 0.09 0.02+0.004 0.01+0.003 2.0 0.04
He 0.5+0.05 0.5+0.05 1.0 0.37 0.4+0.05 0.6+ 0.04 0.7 0.01

Species diversity HS 3.1+0.3 3.6+0.3 0.9 0.20 2.7+0.3 4+0.3 0.7 0.00
TH 1+0.1 0.7+0.1 1.4 0.00 0.8+0.1 0.8+0.1 1.0 0.39
TD 0.5+0.03 0.3+0.03 1.7 0.00 0.4+0.03 0.4+0.03 1.0 0.51
TS 42+0.2 3.4+0.2 1.2 0.01 35+0.2 4.1+0.2 0.9 0.08
TJ 0.7+ 0.03 0.5+0.03 14 0.00 0.6+0.04 0.6+0.03 1.0 0.91
SH 0.2+ 0.04 0.2+ 0.04 1.0 0.40 0.3+0.05 0.1+0.04 3.0 0.00
SD 0.1+0.03 0.1+0.03 1.0 0.33 0.2+0.03 0.1+0.02 2.0 0.00
SS 0.9+0.1 1.1+0.1 0.8 0.39 1.4+0.1 0.6+0.1 2.3 0.00
SJ 0.2+0.04 0.3+0.04 0.7 0.22 0.3+0.04 0.1+0.04 3.0 0.00

of tree stem, branch, leaf and root, respectively. Tcag is tree
aboveground carbon storage.

Urbanization and different forest-type effects on carbon
stocks

The mean carbon density of trees and shrubs in the central
urban area was 1.0- to 1.3-fold of those in the outer area,
except for root carbon density, and the differences were non-
significant (Table 2). For tree aboveground and leaf carbon
stocks, the significant differences between forest types,
mainly attributed to the outer area, manifested as the carbon
stocks of leaf and aboveground in broadleaved forests and
only accounted for 30-50% of the conifer forests (Fig. 4a, b).
Moreover, the differences of stem and branch carbon stocks
were obvious in both the inner and outer areas (Fig. 4c, d).
However, the root and shrub carbon stocks had no significant
differences between forest types and locations (Fig. 4e, f).

Differences in forest characteristics and species
diversity of two types under different urbanization
areas

For tree height and DBH, the average in the broadleaved for-
est was significantly decreased, by 20%, compared to conifer
forests of the outer area (p <0.05, Fig. 5a, b). The under
crown height in the broadleaved forest was 60% of that of the
conifer forest, but the tree health degree was 20-50% higher
in broadleaved forests of all urban forests (p <0.05, Fig. 5c,
d). Although tree density was obviously higher in the outer
area (Table 2), non-significant changes were found between
forest types, neither associated with tree crown diameter
(Fig. e, ).

The shrub layer, shrub height, health degree, and den-
sity were found to be 1.6- to two fold higher in the cen-
tral park than in the outer parks (Table 2). Shrub height,
crown diameter and health degree in the broadleaved
forest was 1.1- to 1.2-fold higher than those in the coni-
fer forest of urban forests; shrubs were denser in conifer
forests (40-50%) of urban forests (Fig. 6a— d). However,
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Fig. 4 Carbon density difference of each organ of trees as well as
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broadleaved forests (B) and coniferous forests (C) of inner and outer
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all differences between forest types were non-significant
(»>0.05).

Herb coverage and richness of outer areas were 30%
higher than those in inner area (p <0.05, Table 2), and
parameters in conifer forests were 20% higher than those
in broadleaved forests of outer area (p > 0.05, Fig. 7a, b).

Tree species diversity in the broadleaved forest was 1.2-
to 1.5-fold higher than that in the conifer forest (p <0.05,
Fig. 8a—d). Furthermore, the shrub diversity in the cen-
tral area was two- to three fold higher of that in the outer
area (Table 2, p <0.05), and diversity in broadleaved
forests accounted for 60-90% of those in conifer forests
(Fig. 8e-h).

RDA and variation partitioning analysis

Structural traits and dominant species abundance had similar
important roles in carbon stock improvement at 40%, and the
impact of diversity accounted for only a quarter. The expla-
nation of all three parts is 63% (Fig. 9). Communities with
an increased top 50% tall trees, top 25% big crown shrubs,
and Pinus tabuliformis were available for the large tree and
shrub carbon sequestration, whose explanations were more

@ Springer

X,), error bars: standard error. TCs: tree carbon density of stem; TCb:
tree carbon density of branch; TCIl: tree carbon density of leaves;
TCr: tree carbon density of root; TCag: tree aboveground carbon den-
sity; SC: shrub carbon density

than three fold of the other parameters (Fig. 10). Among
these, Pinus tabuliformis had a strongly positive effect on
tree leaf carbon. Increased big-sized trees (top 50% largest
tree height, DBH, and crown diameter) directly increased
tree branch, stem, and aboveground carbon density. Other
dominant species, such as Pinus koraiensis, Larix gmelinii,
Ulmus pumila and Acer tataricum, as well as denser trees,
had a strong positive effect on tree roots, branches, and stem
carbon density. Increased the amount of Pinus sylvestris and
big-sized and healthy shrubs (top 25% largest shrub crown
diameter and higher health degree) induced high shrub car-
bon stocks (Fig. 10).

Despite different urbanization areas (inner or outer) and
forest types (broadleaved or conifer forest), the top three
significant impact elements were similar: the top 50% tall
trees, top 25% big crown shrubs, and Pinus tabuliformis, but
their rank was different (Figs. 10, S2 and S3). In addition,
an increased number of deciduous species, including Ulmus
pumila and Acer tataricum, had a positive effect on tree roots,
stems, and branches as well as shrub carbon density in the
central urban area and broadleaved forests. The more exten-
sive coverage of herbs was attributed to high tree biomass car-
bon sink, except for leaves in the inner urban area (Fig. S2a,
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Fig. 5 Difference of structural characteristics of trees between the
broadleaved forests (B) and coniferous forests (C) of inner and outer
urban forests. The y-coordinate is the mean value of the parameters,
numbers above the error bars: broadleaf to conifer ratio (Xz =X/

b). However, increased needle trees (Pinus koraiensis, Larix
gmelinii, and Pinus sylvestris) influenced the carbon stocks
of the outer urban area and conifer forest. Pinus koraiensis
and Larix gmelinii positively increased tree roots, branches,
and stem carbon, and Pinus sylvestris directly promoted shrub
carbon sink (Figs. S2c, d and S3). Moreover, in conifer forests,
increased clutter distribution of trees and abundant herb trees
conducive to aboveground carbon function included leaves,
stems, and branches (Fig. S3).

Discussion

Urbanization effect-induced carbon sequestration,
structural traits, and species diversity changes

The mean carbon density of aboveground trees (including
stem, leaf and branch) and shrubs in the central urban for-
est was 1.0- to 1.3-fold of those in the outer forest, but the
differences were not significant (p > 0.05, Table 2). Accord-
ing to the results of two large, crucial parks with similar
established time inside and outside central urban, South

X,), error bars: standard error. Th: tree height; DBH: tree diameter
at breast height; Uch: tree under crown height; Tcd: tree crown diam-
eter; Thd: tree health degree; Td: tree density

Lake (SL) and Jingyuetan National Forest Park (JYT), the
tree carbon sink in JYT was slightly higher (10-30%) than
in the SL Park (p >0.05, Table S4). Nevertheless, carbon
sequestration was higher mainly in other “Old parks” than in
“New parks” and attributed to the older big-sized trees in the
“Old park” in the central urban forests (p <0.05, Table S5).
This finding demonstrates that favorable practices had been
implemented to protect urban green infrastructure during
recent years, especially in “Old parks”, such as urban forest
planning, afforestation and remnant tree conservation (Wang
et al. 2020b). Moreover, “New parks” dominated with the
young and middle-aged forests had a large potential for C
sequestration-raising in the future (Dai et al. 2018). With the
rise of urban development, certain cities developed through
increasing density of the current urban area, resulting in
urban forest decline. In contrast, most cities have expanded
by extending “sprawl” into the wider countryside, where
additional “New park” was established, which also involved
the investment of a large amount of money by local govern-
ment in response to climate change problems (Dallimer et al.
2011; Ren et al. 2019). However, a higher number of larger,
older trees attributed to extraordinary carbon sequestration
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Fig. 6 Difference of structural characteristics of shrubs between the
broadleaved forests (B) and coniferous forests (C) of different urbani-
zation areas. The y-coordinate is the mean value of the parameters;

in the “Old park” area, which should be paid more atten-
tion in the future owing to their poorer health and the high
susceptibility of the land-type to various human influences
(Lindenmayer and Laurance 2017; Nizamani et al. 2021).
Furthermore, the healthier trees in the heavily urbanized area
could be mainly attributed to SL Park, which is consistent
with the findings of a previous study (Zhang et al. 2017).
Thus, solely considering the differences between the urban
ring road and location to reflect the urbanization pattern is
challenging; the establishment time is a necessary factor that
cannot be ignored in future studies.

Generally, the total aboveground (including stems
and leaves) and root carbon sink in conifer forests were
20-70% higher than those in broadleaved forests (Fig. 4),
which is consistent with previous studies in which conifer
trees had higher carbon sequestration efficiency than other
species (Weissert et al. 2016). However, the result was
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diameter; Shd: shrub health degree; Sd: shrub density

different from that in southern China (Fu et al. 2015). The
20% larger trees and 40% increased under crown height
were found in the conifer forests, especially of outer area.
Moreover, 1.6- to twofold higher, healthier and denser
shrubs, but 30% fewer herbs were found in the central park
than in the outer parks; and sparser but larger, healthier
shrubs were found in broadleaved forests, mainly attrib-
uted to density-dependent effect; Tree species diversity
in the broadleaved forest was 1.2- to 1.5-fold higher than
that in the conifer forest, but the shrub diversity accounted
for 60-90% of those in conifer forests. Consequently, suit-
able greenspace management according to different for-
est types is essential to protect vegetation health, and can
be expected to determine the urban appearance and green
quantity (Jin et al. 2022; Kendal et al. 2020).
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Complex association among vegetation composition,
structural traits, species diversity, and carbon
sequestration

We evaluated the importance of plant composition and
diversity, as well as the structural characteristics of each
organ and aboveground biomass carbon stocks of trees and
shrub carbon in urban forests. We provide observational evi-
dence of the crucial role of the top 50% highest trees and
25% largest crown diameter shrubs on carbon sink func-
tion. Our results support the generic concept that the cru-
cial contribution of big-sized plants on forests aboveground
biomass rather than species richness, whose tall statures and
big crowns can occupy most of the growing space at the top
of the canopy than small and medium-sized plants (Lutz
et al. 2018; Ali et al. 2019; Bastin et al. 2018; Pelt et al.
2016). Moreover, experts have revealed that the greater car-
bon sequestration ability of older forests is attributed to the
regeneration of new trees, which offset respiration rate of
older trees to slow global warming (Dimri et al. 2017; Yang
et al. 2021; Gilhen-Baker et al. 2022).

In this study, we found that conifer trees such as Pinus
tabuliformis strongly affected aboveground biomass carbon
stocks, especially leaf carbon, and this result was also found
in urban greenspace in Beijing (Wang et al. 2021b). The
explanation of needle trees (26.8%) was six-fold that of the
broadleaved trees (4.4%), indicating the high yield of nee-
dle trees. This conclusion disproves the inherent idea that
conservative species with lower photosynthetic rates and
stem hydraulic conductivity function induce lower biomass
productivity. The result might be attributable to conserva-
tive species, which increase plant growth and performance

) Location p<0.05
5-
0.8 I
| I
0.9
g’ 1
2 -
1 -
0 )
: B C e B C ,
Inner Outer

parameters; numbers above the error bars: broadleaf to conifer ratio
(Xpc=Xp/Xc); error bars: standard error. Hc: herb coverage; HS:
herb richness

as well as productivity because of reduced cell elasticity,
and transpire less water response in the onset of the harsher
environment and freeze—thaw cycles (Klein and Niu 2014;
Poorter and Bongers 2006).

This study summarizes a series of forest management
strategies for promoting urban carbon sequestration in spe-
cific urbanization areas and types. For example, increased
broadleaved trees, such as Ulmus pumila and Acer tatari-
cum, are attributed more to broadleaved forests in central
urban areas. However, increased needle trees, including
Pinus koraiensis, Larix gmelinii, and Pinus sylvestris, had
an evident effect in conifer forests of outer urban areas. Fur-
thermore, Pinus sylvestris directly promoted shrub carbon
sink, and denser trees raised tree carbon stocks (Fig. 11).
Our results confirmed that densely planted forests are much
more effective in carbon sequestration, as reported in previ-
ous studies (De la Sota et al. 2019). These strategies will
provide references for urban forest management to improve
carbon sequestration, but must be tested and optimized in
other construction practices.

In natural forests, stand structural complexity and diverse
species promote different tree canopy heights and niche com-
plementary, thereby increasing aboveground biomass and
productivity (Yuan et al. 2020; Wang et al. 2020a). However,
in urban forests, the dominant species and “big-size effect”
overvalued diversity-determined carbon stocks. In addition,
the strength and magnitude of the key species effect demon-
strated that it was available to increase urban forest carbon
sequestration via artificial management measures.

In our research, aboveground carbon stocks are a critical
function for provisioning and regulating services, which is
strongly linked to forest timber production (Trogisch et al.
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«Fig. 8 Difference of species diversity of tree and shrubs between the
broadleaved forests (B) and coniferous forests (C) of different urbani-
zation areas. The y-coordinate is the mean value of the parameters;
numbers above the error bars: broadleaf to conifer ratio (Xp,=Xpy/
X); error bars: standard error. TH: tree Shannon—Wiener; TD: tree
Simpson; TS: tree richness. TJ: tree evenness; SH: shrub Shannon—
Wiener; SD: shrub Simpson; SS: shrub richness. SJ: shrub evenness

2017). Comprehensive assessment from multiple organs
(leaves, stems, branches, and roots) and layers (trees and
shrubs), which played key roles in the urban carbon cycle,
was conducive to the proposal of scientific and systematic
practices and measures for urban forest management.

Implication

Communities dominated by dominant species and big-sized
individuals are expected to have a high biomass carbon
stocks. Large trees in urban forests should be strictly pro-
tected without transplanting and disturbance by anthropo-
genic effects because of their irreplaceable role in carbon
stocks (aboveground biomass and soil) (Jin et al. 2022).
Furthermore, trade-offs among affluent and clutter trees and
herbs and aboveground carbon function (including leaves,
stems, and branches, Fig. S3) highlight the potential for
"win—-win" forest strategies to achieve carbon sink function

improving and diversity protection in conifer urban forests.
The optimized strategies will help to promote urban carbon
sequestration and contribute to sustainable and stable carbon
sequestration.

Our findings clarified that central urban forests play a
considerable role in carbon stock improvement, including
trees and shrubs, and confirmed that precise and effective
management measures were implemented in central urban
areas. However, further actions should be implemented
urgently in low urbanization areas, especially for the “New
park” area.

Compared with previous studies on aboveground carbon
sink and structural traits of Changchun in 2012 (Zhang et al.
2017), over 10 years, the carbon stocks increased by 50-60%
in heavy and low urbanized areas, tree DBH increased by
10-40% from low to heavy urbanization, tree height in 2022
increased by 2- to 2.3-fold of historical measurements, and
trees were denser with a 1.2- to 1.6-fold increase (Table 3).
However, notably, the tree diversity in heavily urbanized
areas decreased by 10-30% over the 10 years.

Fig. 9 Variation partitioning
analysis results of “Var-part-3
groups-Conditional-effects-
tested.” Three groups were
selected as X1: 11 structural
traits (the average of Uch, Thd,
Td, Shd, Sd, and Hc, the top
50% Th, DBH and Tcd, the top
25% Sh and Scd); X2: 9 species
diversity parameters (four tree
and shrub diversity indices,
respectively, and herb richness);
X3: 10 dominant species abun-
dance (top five tree and shrub
dominant species, respectively)

Structure
=04

Dominant species =0.37

Species diversity
0.12

Residuals=0.36

Values <0 not shown
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Fig. 10 RDA (a) and forward
selection results (b) of the asso-
ciation among dominant species
composition and diversity,
structural traits and carbon sink
function of trees and shrubs.
The factors chosen are the
significant elements under the
forward selection effects as fol-
lows: 50%Th, 50% highest tree
height; PinusT, Pinus tabuli-
formis; 25%Scd, 25% biggest
shrub crown diameter; PinusK,
Pinus koraiensis; LarixG,
Larix gmelinii; UlmusP, Ulmus
pumila; PinusS, Pinus sylves-
tris; Td, tree density; AcerT,
Acer tataricum; 50%DBH, 50%
biggest DBH; 50%Tcd, 50%
biggest tree crown diameter;
Shd, shrub health degree

g (a) (b) Forward Selection Results
Name Explains % pseudo-F P P(ady)
50%Th 19 352 0.002 0.01
PinusT  17.7 418  0.002 0.01
25%Scd  10.2 284  0.002 0.01
. Pinusk 3.4 9.9 0.002 0.01
Bl 50%DBH | LarixG 3.2 102 0002 001
so 50%Ted Tag| UlmusP 3 10 0.004 0.01
PinusS 2.5 8.9 0.002 0.01
25%Sed Shd Td 1.7 6.2 0.004 0.01
AcerT AcerT 14 53 0.02 0.05
7Y 50%DBH 1.1 43 0.0l 0.03
HimsE 50%Ted 0.8 32 002 007
50%Th
Shd 0.7 2.7 0.048 0.12
TCr
©
<

Central urban area

0.8

Outer urban area

(1) More UlmusP, AcerT and LarixG
(Shrub, tree root, stem&branch carbon)
(2) Higher herb coverage -
(Tree root and aboveground,

stem&branch carbon) #ga i

(1) More PinusK and LarixG, denser trees
(Tree root and aboveground,
stem&branch carbon)

(2) More PinusS
(Shrub carbon)

General measures:
1) More large-sized plant (Higher tree and shrub carbon)
2) More PinusT (Higher tree aboveground and leaf carbon)

Broadleaved forest

Conifer forest

(2) Denser trees

(All trees carbon)
(3) More PinusS
(Shrub carbon)

B

(1) More UlmusP, AcerT and higher Uch (1) More PinusK and LarixG, denser trees
(All trees and shrubs carbon)

(Tree root and aboveground,
stem&branch carbon)
(2) More PinusS (Shrub&:1§iu )
(3) More abundance her iile&d{itii MiT=C
(Tree aboveground carJu 8l K §e2) 1))

Fig. 11 Forest management strategies for different urbanization areas and types. All tree carbon types indicated tree aboveground carbon and
the carbon of each organ (leaf, stem, and branch), as well as root carbon stocks

Conclusion forests of Changchun parks. Intense urbanization areas
accompanied by big-sized and additional healthy trees and
This is the first study on the effects of urbanization and for- ~ shrubs induced higher aboveground tree and shrub carbon

est-type on forest attributes and carbon stocks in the urban  stocks. However, denser trees, larger coverage, and diverse
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Table 3 Comparison of tree aboveground carbon sink, structural traits, and diversity between historical and current measurements in different

urbanization intensity

Urbanization Period Aboveground DBH Tree Tree Tree Tree Tree
intensity carbon stocks (cm) height density richness Shannon evenness
Mgha-1) (m) (ind. m—2)

Low urbanization History (2012) 45.8 18.5 7.3 0.05 3.3 0.8 0.6

(Outer) Current (2022) 73.9 20.9 14.8 0.08 4 0.8 0.6
Change (Now/History) 1.6 1.1 2 1.6 1.2 1 1

Heavy urbanization History (2012) 56.5 16.2 6.6 0.06 4.6 1.1 0.7

(Inner) Current (2022) 82.2 23 154 0.07 3.6 0.8 0.6
Change (Now/History) 1.5 1.4 2.3 1.2 0.8 0.7 0.9

The history data of these parameters refer to (Zhang et al. 2017), which had the same survey method. The history data of low urbanization was
calculated by the average of low and medium urbanization of the data from Dan Zhang, but Jingyuetan National Forest Park was not included in

the history data of low urbanization area

herbs were found in lower urbanization areas. Conifer for-
ests comprised big-sized trees, diverse herbs and shrubs,
and higher tree carbon sequestration. Broadleaved forests
showed higher shrub carbon density with increased big-sized
and healthy yet sparse shrubs, as well as increased healthy
and diverse trees. Among the various factors, big-sized
woody plants and Pinus tabuliformis played important roles
in controlling carbon sink. Future management measures
should consider different urbanization intensities and forest
types and strengthen the management of the “New park”
area. Our findings provide a scientific basis for the further
precise management of urban forests.
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