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Abstract: Studies have documented many biophysical factors that are correlated with urban forest
carbon storage. This urban forest function is also increasingly being promoted as a nature-based
solution for cities. While urbanization affects both the structure and function of urban forest
ecosystems, quantitative analyses of specific casual drivers of carbon storage in urban versus
peri-urban forests are scarce. To address this lack of information, we used field data of random
plots located along an urban to rural gradient in Shanghai, China, region-specific biomass equations,
and path analysis of commonly studied urban forest socioeconomic and ecological drivers to analyze
their effects on above ground tree carbon storage. An urbanization index was also developed to
quantitatively differentiate urban from peri-urban sites along the transect. Results show that in both
urban and peri-urban forests, percent tree and shrub cover had a significant and positive effect on
tree and shrub carbon, but tree and shrub density had an even greater effect. Further, tree and shrub
species diversity had no effects on carbon storage, while the effects of species composition on tree
and shrub carbon in urban forests was different from those in peri-urban areas. Peri-urban forests
also exhibited a significant effect of percent tree and shrub cover on tree and shrub species diversity.
This approach, using a path analysis of field and plot data and site-specific dendrometric and
urbanization information, can be used to quantitatively identify little explored causal dependences
between drivers and ecosystem services without relying exclusively on spatial land cover data often
not available in developing countries.

Keywords: urban to rural gradient; climate change; nature-based solutions; path analysis

1. Introduction

Urban forests are the sum of all trees, shrubs, and palms present in a city and are a
key nature-based solution for mitigating climate change effects and providing other ecosystem
services [1-3]. Forests and plant communities in peri-urban contexts are also increasingly experiencing
disturbance through urbanizations and alteration of their composition, soils, and biogeochemical
cycles [4-10]. Indeed, the structure, function and subsequent ecosystem services from urban forests are
highly influenced by land use change and human decisions [11,12]. Urban forests and their ecosystem
functions across the forested biomes of the world play an important role in the local urban and
global carbon cycles; yet they can be directly and indirectly influenced by multiple factors including
tree composition, urban forest structure, and related growth, mortality, and carbon emissions from
decomposition and maintenance activities [2,3,13-16]. However, given the heterogeneity of urban
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forests, quantitative causal analyses or identification of key indicators and drivers influencing carbon
storage in subtropical urban and rural or peri-urban forests have been little studied.

Previous urban forest ecosystem studies have documented a correlation between structure,
composition, diversity and carbon storage, and similarly that tree cover and land use and land
cover (LULC) are correlated to carbon storage [2—4,13,17,18]. Also, urban forest carbon storage
is a key indicator when managing and planning for urban forests [7,19,20]. However, given
the growing urbanization effects on forests literature and studies assessing the carbon storage of
urban forests internationally [21-23] there is little information outside of developed and temperate
Europe and North America regarding the quantitative relationships between tree carbon storage
and urbanization [9,24]. Similarly, different levels of urbanization, urban morphologies LULC will
also affect urban forest functions as seen in studies such as those of Dobbs et al. (2014) [11]. Thus,
information on such dynamics are needed in places such as China due to its rapid urbanization,
on-going large-scale tree planting projects, and the need to promote and conserve urban forests [6,7].

Most methods and models for estimating urban tree carbon storage are based on forest-grown
trees and are then applied to urban trees [3,10]. Although correction factors and ratios are used
to adjust for these differences, the growing body of literature mentioned above demonstrates that
important environmental factors, such as temperature, growing-season length, CO, concentration, and
other biotic factors can differ substantially across urban to peri-urban gradients [25]. Thus, more than
just correlating factors, identifying the direct and indirect causal factors driving carbon storage in both
urban and peri-urban forests is also important for developing defendable management indicators,
modeling variables, and predicting future changes in ecosystem function and services. Factors such as
species composition [26], in particular urban tree types [13], and surface covers of the urban forest,
have been documented as influencing carbon storage and will differ within cities [15].

However, understanding such causal relationships is complex, as the effects of socio-economic
and ecological drivers on urban forest function are driven by interactions between direct and indirect
biotic and abiotic factors [11,27,28]. Accordingly, Timilsina et al. (2014a) used path analysis (PA) to
better quantify such direct and indirect causes on urban forest carbon storage in subtropical San Juan,
Puerto Rico. Methods such as structural equation modeling (SEM) or PA are regularly used for causal
analyses in ecological studies and can model the effects of both direct and indirect influences [29].
Another method used to investigate the effect of urbanization on ecological patterns and processes
is the urban-rural gradient approach [30]. Urban gradient studies have utilized several sampling
methods to represent urban intensity gradients and to differentiate urban from non-urban areas [9,31].

Yet, we know of few studies that quantitatively analyze causal factors, as opposed to correlations,
of carbon storage in urban and peri-urban forests using more progressive quantitative techniques;
for instance, PA and urban-rural gradients. In order to address this dearth of information, our objective
was to analyze the differences in aboveground carbon storage between urban and peri-urban forests
and quantify the influence of specific drivers such as percent tree and shrub cover, tree and shrub
species diversity, number of tree and shrub individuals per hectare (i.e., density), and tree and shrub
species composition. In the below study, a PA approach was used to develop a causal model based on
the urban forest ecosystem literature and data at the plot-level across an urban to peri-urban gradient
in Shanghai, China. Specifically, we hypothesize that first, percent tree and shrub cover will affect tree
and shrub carbon storage directly and indirectly via their effect on tree and shrub species diversity,
tree and shrubs density and tree and shrub species composition. Secondly, tree and shrubs density will
influence carbon storage directly and indirectly via its influence on tree and shrub species composition
and diversity. Finally, we hypothesize that tree and shrub carbon storage is directly affected by tree
and shrub species composition and diversity.

A better understanding of the socioeconomic and ecological (i.e., socio-ecological) drivers behind
carbon storage in urban ecosystems will provide land managers with necessary information on how
to design more effective management objectives and policies that incorporate forests as an urban
nature-based solution. This information is key in rapidly urbanizing areas of the subtropics and
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developing world. Additionally, such an approach can be used to explore the role of socio-ecological
drivers on urban ecosystem function and services without the need for digital land use and land
cover polygon data; information often not easily accessible in many contexts in low and middle
income countries.

2. Methods

2.1. Study Area

The study area is an urban to rural transect—56 km x 11 km—located in Shanghai, China (latitude
30.80°N-31.23°N, longitude 121.43°E-121.54°E). It starts at Shanghai’s urban core, known as People’s
Square, and extends southward in to the urban periphery ending at the north shore of Hangzhou Bay,
encompassing a total area of 616 km?. We refer to this as an urban to peri-urban transect hereafter.
The transect passes through five administrative districts: the city center of Shanghai, Pudong new
area, Minhang, Fengxian, and Jinshan; and accounts for all urban to peri-urban land cover types found
in the region (Figure 1). The study area has a typical subtropical monsoon climate and a distinct
seasonal temperature pattern with a mean annual temperature of 18 °C and a mean annual rainfall of
approximately 1158 mm [32].
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Figure 1. The Shanghai, China study area and location of the urban—peri-urban transect. Lower left
image is a LANDSAT image taken on 14 June 2000 and we note that pink colors are densely, urbanized
high impervious surface cover areas while green areas are non-urban vegetated areas.

Shanghai has a population of 23 million, or 3800 inhabitants per km?, is located on an alluvial
plain at the outlet of the Yangtze River, and its urbanization processes are typical of modern Chinese
cities [33]. Remnant, natural vegetation has been drastically altered by centuries of human activities
with just some small patches of natural secondary forests remaining in Sheshan Hill and Jinshan
Island [34]. A large number of non-native trees, shrubs, forbs, and grass species were introduced in the
study area in the past [35]. From 1980 to 2008, the Shanghai area experienced a loss of 29% of cultivated



Sustainability 2017, 9, 577 40f17

land cover, while its built area and forest land cover increased by 222% and 110%, respectively. Such
changes were primarily due to China’s economic development and related population growth and
land reform policies [33,36].

Currently, Shanghai’s urban forest is comprised of roughly 113 tree species, 85 shrubs, and
534 grass taxa [37,38], while zonal vegetation in Shanghai is mixed deciduous and evergreen broadleaf
forests. Shanghai’s urban forest composition is mostly comprised of 68 common tree species, among
which the 6 most common tree species are Cinnamomum camphora, Pinaceae cedrus, Platanus acerifolia,
Metasequoia glyptostroboides, Magnolia grandiflora Linn., and Ginkgo biloba [38,39]. Several recent
large-scale tree planting projects have been implemented and are increasing forest cover in the Shanghai
metropolitan area [33].

2.2. Field Data Collection

This study used both field, plot and commonly available socio-ecological data to characterize
forest and landscape attributes along the study transect. Given the urban densities typical of Chinese
cities, green space distribution was not uniform across our study area. Thus, we used a stratified
random sampling method for allocating plots [40] using Arcgis (version 10.0, ESRI, Redlands, CA,
USA), according to the area of the different land-use types: public green (49 plots), residential green
(54 plots), street trees (64 plots), garden nursery (12 plots) and other (90 plots). We allocated a total of
269 random, circular plots of 0.04 ha in the study transect to sample the tree population and measure
plot characteristics following methods outlined in Zhao et al. (2013) [41]. From May to November 2012,
plots were measured in the study transect (Figure 2); and data for each tree and shrub was collected
and recorded. Tree measurements included: number of stems, species identification, diameter at breast
height (diameter at 1.4 cm above the surface; DBH), total height, and condition. Plot-level, ocular
measurements of tree and palm overstory, and shrub cover were collected, as well as an estimation of
plot surface covers [41]. Woody plants were considered trees or palms if they had a DBH greater than
2.5 cm, otherwise they were considered a shrub regardless of species.
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Figure 2. Distribution and locations of field sample plots (left) and related urbanization index hexagons
(right) in the Shanghai, China urban to peri-urban transect indicating specific urban (values of —0.10
to 1.81) or peri-urban (values of —5.52 to —2.94) hexagons or sites.
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2.3. Urban—Peri-Urban Transect

Most plot-based urban forest structure studies in our literature review use LULC spatial polygons
that vary in area and with various spatial resolutions in a geographic information system (GIS) to
stratify and allocate plots. However, more local-scale and site-specific information on the degree of
urbanization across the study transect can complement and better differentiate between truly urban
and peri-urban sites [42]. Such LULC data are commonly not available in many developing countries.
For example, sampling a study area with fixed area hexagon polygons is a common method for
comparing and analyzing different spatial landscape metrics and reducing sampling bias due to edge
effects [38,43]. Accordingly, we complemented our conventional plot allocation sampling approach
and developed a hexagon-based sampling approach to better account for the social and biophysical
characteristics along our urban to peri-urban gradient [44], each hexagon having an area of about
314 ha [40]. Specifically, to characterize each hexagon according to its degree of urbanization, we first
analyzed seven commonly used urbanization indicators (Table 1) [22,45-47] with principal component
analysis (PCA) using the SPSS statistical software (Version 17.0, SPSS Company, Chicago, IL, USA);
which resulted in the following urbanization index (UI) equation:

UL = 2.996 x (0.832 x ISA; 4+ 0.746 x Roads; + 0.775 x residential; + 0.876 x UPD;)
+2.061 x (—0.904 x LPI; — 0.635 x MPS; + 0.791 x SHDI;)

where U]J; is urban index gradient value, i is a hexagon index and the indicator symbols are presented
and described in Table 1. The PCA’s final gradient vector explained 78.25% of the variation in the
seven variables.

Table 1. Selected indicators for an urbanization index used to characterize the urban-peri-urban
gradient of Shanghai, China’s urban forests.

Measure Formula Description

Areas covered by buildings, roads and

Percent impermeable areas (concrete, asphalt).

;E;?;ZI:;Z ISA% = %% x 100% The measure represents the average impervious
(ISA;; %) 3 surface calculated at the pixel level from Qureshi
i 7 et al.’s impervious surface fraction image [47]
Road densit .
(Roads;: %) Z Road% = % x 100% Percent road network in the hexagon
Residential dewelli
building density residential% = Tore M6 AT 100% Percent residential dwellings in the hexagon

i : hexagon area
(residential;; %) @

L t patch ; .
in d?el;(gfz Plcl’;,'i 0(/:0) b B =a(DBH )b LPI = % x 100% Area (A) of largest patch in the hexagon
Percent urban b, lati Percent urban relative to total population
. . o/ __ urban population %
® f;lﬂgi?;fl_io/ ) population%h = Jogr population 100% (Sixteenth national census, 2014)
ir /o
Mea?l\}/};tscvl)l éndex B=a(D BH)b B= g(DBH)b Mean patch area (a) in the hexagon
1

Shannon diversity
index (SHDI)®

2 Index was calculated in ArcGIS 10.0 (ESRI, Redlands, CA, USA) and using an orthophotomap with a resolution of
0.25 m. ? Index was calculated in Fragstates 3.3 using 2 m raster data.

An index of land-cover diversity based on

B= c+dv plot-level tree and shrub species richness (p)

Finally, we used a cluster analysis with the SPSS statistical software (Version 17.0) to characterize
the urbanization gradient transect into two UI classes: urban and peri-urban (Figure 2). Specifically,
using Ul values, each individual hexagon was assigned into an urban (Ul values = —0.10 to 1.81) or
peri-urban (Ul value = —5.52 to —2.94) class. The hexagons along the transect were then accordingly
classified as either urban or peri-urban and were used as the analysis unit for calculating the different
metrics in subsequent analyses.
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2.4. Importance Values

Importance value (IV) is a comparative statistic that shows the status, function and authenticity of
a species [48,49] and is regularly used to show the relative importance of a plant species according to
percent density, dominance and frequency. Thus, the importance value for measured trees and shrubs
was calculated as follows using Curtis and McIntosh’s approach [50,51]:

IVA = (DT’A + PI’A + FT’A)/3 (1)

Dry = -No-ofindividuals of species A 4y @)

= Total no. individuals of all species

__ Sumof basal area of species A
Pry = Sumof basal area for all species x 100 (3)

_ Frequency of species A
Fra= Sumof frequencyvalues for all species x 100 (4)

where Dr is relative abundance of species A, Pr is relative dominance of species A, and Fr 4 is relative
frequency of species A.

2.5. Tree and Shrub Carbon Storage Estimates

Urban tree canopy (UTC), the area covered by tree and shrub crowns in an urbanized area, is a
commonly used measure of urban forest structure [17]. Specifically, UTC is the two-dimensional,
orthogonal projection of tree and shrub canopies onto the plane of the ground surface [52]. In this
study, UTC area was used as the conversion coefficient to calculate tree and shrub carbon storage in
the study transect. Shrub carbon storage was calculated using Equation (5):

SC; = SUTC; x P x C, ()

where SC; is plot-level shrub carbon storage (Mg) in the plot (i =1, 2, 3, ..., 169), SUTC; is shrub crown
cover (ha) in the plot (i =1, 2, 3, ..., 169), expressed as values between 0 and 1, and P is 19.76 Mg ha—1;
the average shrub biomass as calculated in the southern Qinling Mountains [53]. Finally, C. is the
conversion coefficient of dry plant biomass to carbon storage, which is assumed to be 0.5.

We estimated biomass using a tree volume-derived method [53-56] based on Zhao et al.’s [33]
biomass formula developed in China to assess carbon storage. This equation estimates biomass:

\%4
B_a—l-bV ©)

where B and V are biomass (Mg ha~!) and volume (m3 ha~!), respectively for a forest type, a and b are
constants (Appendix A).
TC; = B; x C, )

In Equation (7), TC; is tree carbon storage (Mg) per plot (i =1, 2, 3, ..., 169), B; is total biomass of
trees per plot (i =1, 2, 3, ..., 169), and C. is the conversion coefficient of dry plant biomass and carbon
storage, which is assumed to be 0.5. Based on Equations (5)-(7), tree and shrub carbon storage (C;) was
calculated using Equation (8):

C; =5C; + TG (8)

where C; is total carbon storage (Mg) in the plot (i=1, 2, 3, ..., 169) and SC; and TC; are shrub and tree
carbon storage (Mg) in the plot (i=1, 2, 3, ..., 169), respectively.

2.6. Species Diversity and Composition Variables

We characterized tree and shrub species diversity at the plot-level. Tree and shrub species
diversity was estimated using the Shannon-Wiener index (SHDI) which used number of tree and
shrub individuals in every plot with the Equation (9):
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k
SHDI = —

pilogpi ©)
i=1

where p; is the proportion of species i in the plot, and i is the species number (1-k). We also determined
plot-level tree-shrub species composition [57] with a PCA method with the number of tree and
shrub individuals/species in each plot. Firstly, we used tree and shrub species number per plot to
calculate the covariance matrix and then chose the variability of species and abundance of each plot as
orthogonal axes. Since the first principal component axis explains most of the variation, we used it
to measure the species composition for this analysis [58]. In this paper, we chose tree-shrub density
(number ha—?) to reflect the plot-level stand density.

2.7. Statistical Analyses and Path Analysis

In PA, an initial diagram model is first developed using knowledge of a system to exhibit the
causality among variables [29,59]. The hypothetical model (Figure 3) provides a covariance matrix that
can then be used to compare expected with observed data, thereby testing the hypothesized model.
Accordingly, we used Timilsina et al.’s [58] PA model for carbon storage of North American subtropical
urban forest as our test PA. In the model, we validated the effect of generally reported causal drivers
of tree and shrub carbon storage (Figure 3).

We used the SAS procedure analysis of moment structure (AMOS 17.0) to analyze the driver
effects of these drivers on plot-level tree and shrub carbon storage. We analyzed Timilsina et al.’s [58]
hypothetical model and the other commonly studied urban forest socio-ecological drivers with the
undermentioned variables and their correlation: tree and shrub carbon, tree and shrub species diversity,
percent tree and shrub cover, the number of tree and shrub individuals per hectare (i.e., tree-shrub
density) and tree and shrub species composition. Akaike’s information criteria (AIC) provided a
stepwise procedure to choose the best model [57]. The following fit statistics were used to ensure
that models were not biased. Model fit was tested following the minimum discrepancy divided by
degrees of freedom (CMIN/DF; <0.05 indicates good model fit), a comparative fit index (CFIL; >0.90
indicates good model fit), estimate of the non-centrality parameter (NCP; =0.000 indicates good model
fit), root mean square error of approximation (RMSEA; <0.05 indicates good model fit), Akaike’s
information criterion, Browne—-Cudeck’s Criterion, and finally Bayes information criterion, (AIC, BCC,
BIC; the index of default model less than independence model) [60].

Tree and shrub
species diversity

Percent tree and shrub
cover The number of tree and
shrub individuals per hectare

Tree and shrub
species composition

Tree and shrub carbon

Figure 3. Path analysis model for drivers of Shanghai China’s urban forest carbon storage.

3. Results

3.1. Tree and Shrub Carbon Storage

Figure 4 shows tree and shrub carbon storage in Shanghai’s urban and peri-urban forests and the
differences between them. Overall, urban tree and shrub carbon ranged between 0 and 70.75 Mg C/ha,
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while in peri-urban areas it ranged from 0 to 79.94 Mg C/ha. Average tree and shrub carbon storage
was greater in peri-urban forests (9.81 Mg C/ha) than in urban areas (8.92 Mg C/ha).
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60
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20 A

Tree and shrub carbon storage MgC/ha

urban peri-urban

"

Figure 4. Tree and shrub carbon storage in urban and peri-urban forests. “a” and “b” mean the
difference of the tree and shrub carbon storage in urban and peri-urban forests was significant (p < 0.05).

3.2. Urban and Peri-Urban Forest Composition and Structure

3.2.1. Species Composition

Our plot based sampling found trees and shrubs from 90 species belonging to 74 genera and
50 families in the study transect. Among these were 58 tree species belonging to 50 genera, 34 families;
and 59 shrub species belonging to 51 genera, 39 families. We note that since a criterion of DBH > 2.5 cm
differentiated a tree from a shrub, a given species could have both a tree and shrub form. The number
of trees species in urban and peri-urban forests were 52 and 46, while the numbers of shrub species in
urban and peri-urban forests were 36 and 28, respectively (Figure 5).
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Figure 5. The number of tree and shrub species in an urban and peri-urban transect in Shanghai, China.

3.2.2. The Importance Values, Structural and Composition Characteristics

Table 2 shows the 10 tree species with the highest IVs in Shanghai’s urban and peri-urban forests.
Cinnamomum camphora (L.) Presl. was the most common tree in both urban and peri-urban areas and
as a subtropical evergreen broad-leaved tree, has strong ornamental and cultural values in Shanghai
and is well adapted to urban environments. Metasequoia glyptostroboides, introduced in 1958 as an
ornamental garden tree, is also common in wetland and in peri-urban areas, while Osmanthus sp. has
mostly ornamental uses in urban areas. Table 3 shows that shrub composition is similar in that 6 of
the 10 species with the highest importance values are found in both urban and peri-urban forest sites;
they are: Buxus sinica var. parvifolia M. Cheng, Nerium indicum Mill. Phyllostachys viridis, Osmanthus sp.,
Pittosporum tobira, and Buxus megistophylla Levl. Table 4 lists the average number of tree and shrub
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individuals per hectare, tree and shrub species diversity, percent tree and shrub cover and tree and
shrub species composition in urban and peri-urban sites. Except for the average number of tree and
shrub individuals per hectare and tree and shrub species composition in peri-urban forests, all values
for all the other metrics were greater in peri-urban forests. The variability in the number of woody
plant individuals per hectare was high due to the inclusion of shrub individuals in our metric.

Table 2. The importance values (IV) of tree species in urban and peri-urban forests in Shanghai, China.

Urban Peri-Urban
Rank Species v Species v
1 Cinnamomum camphora (L.) Presl. 37.00 Cinnamomum camphora (L.) Presl. 29.27
2 Metasequoia glyptostroboides 7.71 Eriobotrya japonica (Thunb.) Lindl. 5.03
3 Osmanthus sp. 6.50 Pinus sp. 5.02
4 Cedrus deodara 4.25 Metasequoia glyptostroboides 4.75
5 Platanus orientalis 425 Magnolia grandiflora Linn. 4.47
6 Elaeocarpus decipiens 3.57 Ginkgo biloba 3.77
7 Ginkgo biloba 3.03 Amygdalus persica L. 3.05
8 Populus L. 2.81 Populus L. 2.96
9 Ilex latifolia Thunb. 2.79 Cedrus deodara 2.26
10 Trachycarpus fortunei 2.25 Ilex latifolia Thunb. 2.05

Table 3. The importance values (IV) of shrub species in Shanghai China’s urban and urban forests.

Urban Peri-Urban
Rank Species v Species v
1 Buxus sinica var. parvifolia M. Cheng 7.95 Chimonanthus praecox (Linn.) Link 8.93
2 Nerium indicum Mill. 6.43 Prunus Cerasifera Ehrhar f. atropurpurea (Jacq.) Rehd. 7.66
3 Acer palmatum Thunb. 5.20 Phyllostachys viridis 7.00
4 Phyllostachys viridis 5.09 Osmanthus sp. 6.68
5 Fatsia japonica (Thunb.) Decne. et Planch 4.38 Distylium racemosum Sieb. et Zucc. 6.27
6 Osmanthus sp. 424 Nerium indicum Mill. 5.82
7 Loropetalum chinense var. rubrum 417 Buxus megistophylla Levl. 5.14
8 Pittosporum tobira 3.62 Cercis chinensis Bunge 5.02
9 Buxus megistophylla Levl. 3.16 Buxus sinica var. parvifolia M. Cheng 4.48
10 Aucuba japonicaVariegata 3.00 Pittosporum tobira 3.29

Table 4. Structural and compositional characteristics of Shanghai China’s urban and peri-urban
(PU) forests.

Forest Factor Average Maximum Minimum  Standard Error

The number of tree and shrub individuals

per hectare (number ha~1) 818.62 6725.00 25.00 1068.29

Urban Tree and shrub species diversity 3.09 13.00 0.00 2.36

Percent tree and shrub cover (%) 38.85 8.00 0.00 1.69

Tree and shrub species composition ? 0.40 0.90 0.00 0.31
The ““r;:re;gcf e &t‘iﬁé‘;‘?;ﬁ;vm“ab 825.21 5950.00 25.00 1082.30

PU Tree and shrub species diversity 0.29 0.84 0.00 0.29

Percent tree and shrub cover (%) 50.35 100.00 0.00 37.09

Tree and shrub species composition ? 1.69 150.00 0.00 38.85

2 Plot-level tree and shrub composition is defined following the approach of Jonsson and Wardle [57] that is based
on a principal component analysis (PCA) with the number of tree and shrub individuals per species in every plot.

3.3. Path Analysis of Drivers of Urban Forest Carbon Storage

Our PA model 1 had a x? = 3.636, df = 4, p = 0.459 and paths shown in solid lines in Figure 5
are statistically significant, while dashed lines represent those paths that were not significant;
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the standardized path coefficient is displayed along the lines. Tables 5 and 6 show the regression
weights and standardized effects for the PA in urban forests, respectively.

Table 5. Regression weights for the path analysis for drivers of carbon storage in Shanghai China’s
urban forests.

Paths Estimate S.E. p
From To
Percent tree and shrub cover Tree and shrub species composition 0.023 0.005 i

The number of tree and shrub

Percent tree and shrub cover . 0.467 0.086 e
individuals per hectare
Tree and shrub species composition Tree and shrub species diversity 0.244 0.009 i
Percent tree and shrub cover Tree and shrub carbon (Mg C ha™1) 0.100 0.033 0.003
The number of tree and shrub Tree and shrub carbon (Mg Cha~1)  0.051 0.028 0.065
individuals per hectare
Tree and shrub species composition Tree and shrub carbon (Mg C ha™1) —0.318 0.493 0.519

% p < 0.001.

Table 6. Standardized effects for a path analysis for drivers of carbon storage in Shanghai China’s
urban forests.

Total Effects Direct Effects Indirect Effects

Percent tree and shrub cover 0.311 0.267 0.044
The number of tree and shrub individuals per hectare 0.157 0.157 0.000
Tree and shrub species composition —0.054 —0.054 0.000

The best model for predicting urban forest tree and shrub carbon storage is Model 1 (Figure 6).
Since some non-significant paths in the model were resulting in in poorer fit indices, statistically
insignificant paths in the model were kept as part of the analyses. This was indicated by CMIN/DF of
<0.05, an NCP of 0.00, a RMSEA of <0.05, a CFI of 1.0, and AIC, BCC, BIC of the index of default model
were less than the independent model. Results show that there was significant difference in the effects
of different factors on urban forest carbon storage (Table 5).

Tree and shrub
species diversity
(R2=0.85)
1
~ 0.27 .
Percent tree and shrub Tree and shrub carbon

cover 0.41 ‘( The number of tree and O__QL (R?=0.12)

shrub individuals per hectare ~ —-

(R2=0.85)
- o
.-
”,Q,'f" Significance
Tree and shrub S ---> P20.5

. b ==2 0.50>P=0.05
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Figure 6. Model 1 with results of path analysis for drivers of carbon storage in Shanghai China’s urban
forests. Values along the lines are the standardized coefficient for that specific path.

The paths for Model 1 (Figure 6) for urban forests revealed that percent tree and shrub cover
had a positive and significant (p < 0.05) effect on tree and shrub species composition, the number of
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tree and shrub individuals per hectare, and tree and shrub carbon (Table 5). Tree and shrub cover
explained 85% of the variation in tree and shrub species diversity, but only 14% of the variation in tree
and shrub species composition and 17% of the variation is tree-shrub density (Figure 6). Indeed, tree
and shrub species composition and the number of tree and shrub individuals per hectare also affected
tree and shrub carbon positively. Meanwhile, percent tree and shrub cover had direct and indirect
effects on carbon (Table 6), with the indirect effect through the number of tree and shrub individuals
per hectare and tree and shrub species composition being less influential (0.044) than its direct effect
(0.267; Table 6).

Our model 2 for peri-urban forests had a x%=3.823,df =3, p = 0.281 and shows paths in solid lines
as being statistically significant, while dashed lines represent paths that were not significant and the
standardized path coefficient are shown adjacent to its path line. Tables 7 and 8 show the regression
weight and standardized effects, respectively.

Table 7. Regression weights for path analysis results for influential drivers of peri-urban forest stores

in Shanghai, China.
Paths Estimate S.E. P
From To
Percent tree and shrub cover Tree and shrub species composition 0.011 0.004 0.007

Percent tree and shrub cover The' nu‘m.ber of tree and shrub 0.448 0.094 ek
individuals per hectare

Tree and shrub species

e Tree and shrub species diversity 0.150 0.008 il
composition
The number of tree and shrub o4 Ghrub carbon (Mg C ha™1) 0.043 0.029 0.067
individuals per hectare
Percent tree and shrub cover Tree and shrub carbon (Mg C ha™1) 0.154 0.033 e
Tree and Shn%b species Tree and shrub carbon (Mg C ha™') 1.118 0.697 0.109
composition
Percent tree and shrub cover Species diversity —0.001 0.000 il
44 ) < 0.001.

Table 8. Standardized effects for path analysis results for influential drivers of peri-urban forest stores

in Shanghai, China.
Driver Total Effects Direct Effects Indirect Effects
Percent tree and shrub cover 0.501 0.408 0.093
The number of tree and shrub individuals per hectare 0.155 0.155 0.000
Tree and shrub species composition 0.128 0.128 0.000

Overall, we found that urban and peri-urban forests had different drivers influencing tree and
shrub carbon storage as indicated by all model paths not being significant. Our analysis showed that
the best model predicting tree and shrub carbon storage in peri-urban areas was Model 2 (Figure 7).
Some non-significant paths were removed from the model which resulted in poorer fit indices, hence
as previously mentioned, statistically insignificant paths in the models were kept (Figure 7; statistically
significant paths are shown in bold). This was indicated by an CMIN/DF of <0.05, a NCP of 0.023,
an RMSEA of <0.05, and a CFI of 0.997, as well as the AIC, BCC, and BIC values in the default model
being were less than those of the independent model.

We also found that percent tree and shrub cover had both a significant direct (0.408) and indirect
(0.093) effect on tree and shrub carbon storage in both urban and peri-urban forests (Tables 7 and 8
and Figure 7). The direct effect of percent tree and shrub cover was higher than its indirect effect via
tree-shrub density (Table 8). However, because tree and shrub species composition paths to tree and
shrub carbon were not significant, we can presume that the number of tree and shrub individuals
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per hectare can be an intermediate variable of the indirect effect. In contrast to our urban Model 1
(Figure 6), our peri-urban Model 2 (Figure 7) shows a significant effect of percent tree and shrub cover
on tree and shrub species diversity. It also shows a positive effect (0.13) of tree and shrub species
composition on tree and shrub carbon, but a negative effect (—0.05) on tree and shrub carbon in
Model 1 (Figure 6), that was however not significant.

Tree and shrub
species diversity
(R2=0.86)
[\ $ 3
041 4
Percent tree and shrub Tree and shrub carbon
cover 0.40 ( The number of tree and ~ |0-] l_g (R2=0.29)
shrub individuals per hectare ~ —
(R?>=0.16) o
Q,}\'" Significance
Tree and shrub //"' --=> P20.5
species composition |~ : 8'(5)(5) i;ig-gi
(R*=0.06) —> p<ool

Figure 7. Model 2 with path analysis results for influential drivers of peri-urban forest stores in
Shanghai, China. Values along the lines are the standardized coefficient for that specific path.

4. Discussion

As reported by Timilsina et al. [15,58], urban forest studies regularly use urban tree cover as a
metric or correlate for ecosystem structure, function and services [61]. Similarly, studies of urban forest
carbon storage and sequestration have typically used plot data at the landscape level, that are stratified
using GIS according to multi resolution LULC type polygons [2,6,18,21,40]. Overall, we found that
the tree and shrub carbon storage in Shanghai’s peri-urban forests (9.81 MgC/ha) was greater than in
urban areas (8.92 MgC/ha; Figure 4). Our results will differ from other studies, however. For example,
in nearby subtropical Hangzhou China, C storage was 30.3 MgC/ha [18]. Also, Horn et al. [24] and
Timilsina et al. [15] report an average of 17.8 and 63.0 MgC/ha for urban forests in subtropical Orlando
and Gainesville US, respectively.

Since the aim of this study was to analyze the drivers of above-ground tree-shrub carbon storage
in urban and peri-urban forests in a subtropical context, it is difficult to compare our results with
those of other studies. For example, Nowak et al. [61] report whole tree (i.e., above and below ground)
C storage for mostly temperate urban areas in the US in g/m? of tree cover as does Lv et al. [6] for
urban forests in northeast China. Additionally, different international studies will use different biomass
equations, root-to-shoot ratios, remote sensing images with varying spatial resolution, and vegetation
components (trees and/or shrubs and/or herbaceous) in reporting their estimates for different biomes,
thus making comparisons difficult [13,18,21].

Overall, tree and shrub cover in Shanghai had a significant, positive effect on tree and shrub
carbon storage but also on tree and shrub species composition, tree and shrub species diversity, and
the number of tree and shrub individuals per hectare (Tables 2 and 4). We do note that tree and shrub
cover had both direct and indirect effects on urban forest carbon storage, with indirect effects via
the number of tree and shrub individuals per hectare being more influential than percent tree and
shrub cover alone. However, there were differences in the effects of the same path, or in the relative
influence of drivers of carbon storage between urban and peri-urban forests. Thus, increasing tree
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and shrub cover, particularly in peri-urban forests, can be an influential measure of increasing forest
carbon storage.

Timilsina et al. [58] also found that the relationship between urban tree cover and carbon storage
was not direct. Dense, understory vegetation, invasive tall shrubs, and monocots (e.g., palms) with
low biomass can also result in over estimates of tree cover in aerial images of the same area [13].
Zhang et al. [24] did show that individual tree carbon storage increased with decreasing tree density,
shrub carbon storage increased with increasing tree and shrub species density, and carbon storage in
all forest carbon pools (including standing vegetation, litter, and soil carbon) increased with decreasing
tree and shrub density. Liu et al. [62] showed that urban forest aboveground carbon storage and carbon
sequestration increased according to tree and shrub density.

Our results show that tree-shrub diversity had not significantly affected carbon storage. Similar
dynamics have been observed in San Juan, Puerto Rico [58]. Tree and shrub species composition
had a negative effect on tree and shrub carbon storage in urban forests (—0.05), but the effect was
positive in peri-urban areas (0.13), that were not significant. This might be explained by the shorter
ornamental tree and tall shrub composition that predominates in urban areas (Tables 2 and 3). While
larger, remnant or shade-providing trees predominate in peri-urban forests such as Magnolia grandiflora
Linn., Chimonanthus praecox (Linn.) Link, and Cercis chinensis Bunge (Tables 2 and 3).

We hypothesized that percent tree and shrub cover, tree and shrub density, tree and shrub
species diversity and composition might affect carbon storage directly and indirectly. Moreover,
Nowak et al. [17] in a study of carbon storage in US urban forests have also shown that two dominant
factors affecting carbon storage density were tree and shrub density and diameter distribution.
However, we did not analyze for the effects of tree diameter distribution and basal area in our path
analysis model, two key, but little studied, correlates used in urban tree biomass estimates. The impact
of some other biotic and abiotic driers of carbon storage were, however, not analyzed, including
fertilization, soil quality, land use polices and ordinances, and other human management-maintenance
activities. However, as stated earlier, national-level urban forest assessments do use tree cover as
an index for estimating carbon storage [58,61] and other urban forest structural characteristics [5].
Currently, Shanghai’s urban forest cover is lower than the national average [39]. Thus, increasing
peri-urban forest cover and density with specific trees and shrubs species can be a viable nature-based
solution for mitigating CO, emissions from Shanghai.

In other parts of China, Lv et al. [6] also found that tree C storage was greater, while soil organic
carbon was the lowest in Harbin China’s temperate peri-urban forests. Ren et al. [7] also documented
that suburban areas in Xiamen City, China stored a greater portion of carbon than did urban forests in
the city core. However, to our knowledge, other than Timilsina et al. [58], there are no other studies
that quantitatively analyze the different causal drivers behind tree carbon storage using PA or SEM or
for that matter analyze the differences in aboveground tree-shrub carbon storage according to urban
and peri-urban forest contexts.

5. Conclusions

Our integrated approach using field, plot and socio-ecological data to estimate tree and shrub
carbon storage and to differentiate urban from non-urban sites using an urban—rural gradient and a
local-scale hexagon-based urbanization index, instead of GIS land use cover polygons, can provide a
potentially useful method for assessing other drivers of urban ecosystem service provision and demand
across urbanization gradients. However, one limitation in our study is that we did not account for, or
analyze, the causal role of ground vegetation covers (e.g., turf), soils, stand age, diameter distribution,
and other biophysical drivers. Similarly including other socio-ecological drivers in our PA could have
also elucidated other influences.

As such, future research can analyze the influence of other causal biotic and abiotic factors that
drive carbon storage such as soil quality, fertilization, land use policies, human preferences and other
management activities. In general, lower-density forests have a high potential for carbon sequestration.
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Hence, according to different stages of succession, the vegetation density is a key management objective
that can be used to optimize community structure, improve habitat conditions, promote growth, and
improve the carbon storage of the whole urban forest.

Our study presents a quantitative approach that can be used to better understand the site-specific
carbon dynamics of urban forest and other ecosystem services and disservices. The use of plot-level
data and a hexagon-based urbanization index instead of LULC data with varying sized polygons,
provides a means of quantitatively understanding drivers of urban ecosystem services without
relying on remotely sensed data from disparate scales and resolution. Our findings do show that
understanding the influence of structural drivers such as percent tree and shrub cover on functions like
carbon storage can be complex. Our study’s approach and findings do however contribute towards
a better understanding of the complexities behind these processes and for giving land managers
better information to design management objectives and policies that incorporate forests as an urban
nature-based solution.
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Appendix A
Table A1l. Allometric coefficents for calculating tree biomass in Equation (6) [33].
Tree Taxa or Type Equation (6) Coefficients
a B

Cunninghamia lanceolata 0.808 0.0067

P. massoniana, P. yunnanensis 1.428 0.0014

Larix 0.94 0.0026

Picea, Abies 0.56 0.0035

P. tabulaeformis 0.32 0.0085

P. armandii 0.542 0.0077

Other oines and conifer forests 1.393 0.0008

Cypress 1.125 0.0002
Mixed conifer and deciduous forests 2.558 —0.0038

Populus 0.587 0.0071

Betula 0.975 0.001

Quercus 0.824 0.0007

Cinnamomum, Phoebe 0.76 0.0012
Casuarina 0.807 —0.0001
Sassafras, Eucalyptus and mixed broad-leaf forests 0.727 —0.0012
Nonmerchantable woods 0.98 —0.0007
Tsuga, Cryptomeria, Keteleeria etc. 1.749 —0.00002
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