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Abstract

Aims Monitoring and quantifying the biomass and its distribution in urban trees and forests are crucial to under-
standing the role of vegetation in an urban environment. In this paper, an estimation method for biomass of urban
forests was developed for the Shanghai metropolis, China, based on spatial analysis and a wide variety of data
from field inventory and remote sensing.

Methods An optimal regression model between forest biomass and auxiliary variables was established
by stepwise regression analysis. The residual value of regression model was computed for each of the sites sam-
pled and interpolated by Inverse-distance weighting (IDW) to predict residual errors of other sites not subjected to
sampling. Forest biomass in the study area was estimated by combining the regression model based on remote
sensing image data and residual errors of spatial distribution map. According to the distribution of plantations and
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management practices, a total of 93 sample plots were established between June 2011 and June 2012 in the
Shanghai metropolis. To determine a suitable model, several spectral vegetation indices relating to forest biomass
and structure such as normalized difference vegetation index (NDVI), ratio vegetation index (RVI), difference ve-
getation index (DVI), soil-adjusted vegetation index (SAVI), and modified soil-adjusted vegetation index (MSAVI),
and new images synthesized through band combinations such as the sum of TM2, TM3 and TM4 (denoted Band
234), and the sum of TM3, TM4 and TM5 (denoted Band 345) were used as alternative auxiliary parameters .
Important findings The biomass density in urban forests of the Shanghai metropolis varied from 15 to 120
t-hm™. The higher densities of forest biomass concentrated mostly in the urban areas, e.g. in districts of Jing’an
and Huangpu, mostly ranging from 35 to 70 t-hm™. Suburban localities such as the districts of Jiading and Qingpu
had lower biomass densities at around 15 to 50 t-hm™. The biomass density of Cinnamomum camphora trees
across the Shanghai metropolis varied between 20 and 110 t-hm™. The spatial biomass distribution of urban fo-
rests displayed a tendency of higher densities in northeastern areas and lower densities in southwestern areas. The
total biomass was 3.57 million tons (Tg) for urban forests and 1.33 Tg for C. camphora trees. The overall forest
biomass was also found to be distributed mostly in the suburban areas with a fraction of 93.9%, whereas the urban
areas shared a fraction of only 6.1%. In terms of the areas, the suburban and urban forests accounted for 95.44% and
4.56%, respectively, of the total areas in the Shanghai metropolis. Among all the administrative districts, the
Chongming county and the new district of Pudong had the highest and the second highest biomass, accounting for
20.1% and 19.18% of the total forest biomass, respectively. In contrast, the Jing’an district accounted for only 0.11%
of the total forest biomass. The root-mean-square error (RMSE), mean absolute error (MAE) and mean relative error
(MRE) of the model for estimating urban forest biomass in this study were 8.39, 6.86 and 24.22%, respectively, de-
creasing by 57.69%, 55.43% and 64.00% compared to the original simple regression model and by 62.21%, 58.50%,
65.40% compared to the spatial analysis method. Our results indicated that a more efficient way to estimate urban
forest biomass in the Shanghai metropolis might be achieved by combining spatial analysis with regression analy-
sis. In fact, the estimated results based on the proposed model are also more comparable to the up-scaled forest
inventory data at a city scale than the results obtained using regression analysis or spatial analysis alone.
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Fig. 1 The map of sample plot distributions. Numbers 1-9
represent the nine districts in the central city, namely Luwan,
Xuhui, Changning, Jing’an, Putuo, Zhabei, Hongkou, Yangpu
and Huangpu, respectively.
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Table 1 Information on sampling plots of different forest types

A2 Z5Hf (Koelreuteria bipinnata var. integrifoliola)
. EAT (Phyllostachys edulis)#k . #R 7 (Ginkgo biloba)
M. L #t9E(Elaeocarpus sylvestri)#k . 4% (Taxodium
distichum var. imbricatum)#k . = KF|f)“1-214"#
(Populus x canadensis ‘1-214°)#k. fiff£ £ == (Mag-
nolia grandiflora)#% . 7t ¥ (Sapindus saponaria) #k .
%z i (Ligustrum lucidum)#k . #A 7 # (Liquidambar
formosana) A 1 i IH- 7 A2 #K (broadleaved mixed for-
est)SE (K1), FEHK/NA20 m x 30 mEk20 m x 50 m.
T L3 AT S R AR I ) 4 T 2011 4F:6 H %£20124F:6
Ho WRAEMS AR S, F AR 34T 7 1
7y WEs EECN A, SRR AR A
KA EHFRAEARTE”, LL2 e AR B CRe R Bl i 2
KHFN214% A5 cm 9IAMERY), Siit &k N &4
Mk, 72820 IR -28R1E NFRIER, — M
T b ife FE5-8 MR AR HE AR, K FH“ 425" 12 bR 1
AR, AR T B Fa R, i B SR = AT A
TRRE, RS &IPSR T . DU
VERFAE BRI RS EL, 5L T 124 2R Fh
ANIAR M EH (IR T B B M)A ETTE, I
R A 7 R e RS 7E0.98L | (p < 0.01)
(4, 2012). MW AE Y BT RRAG & e A
Y.

bR T AR AR ) R A MR TRY  Ry ,

it FEHbEL M P R NS
Forest type Number of plots Mean D (cm) Mean tree height (m) Stand age (a)
% Cinnamomum camphora 15 7.8-21 5.4-13.6 12-18
7KA2 Metasequoia glyptostroboides 18 8.5-28.7 8.5-28.54 11-50
WA Liquidambar formosana 2 9.2-12.8 7.9-10.3 12-30
2 Taxodium distichum var. imbricatum 4 9.4-17.3 8.0-14.6 12-30
JCHF Sapindus saponaria 3 8.3-8.8 6.7-7.7 12
AL 54 Koelreuteria bipinnata var. integrifoliola 3 8.9-9.5 8.6-8.8 12
2y Ligustrum lucidum 3 10.0-10.9 7.7-8.6 12
7 Ginkgo biloba 6 6.5-13.8 2.6-6.4 12-25
I#3E Elagocarpus sylvestri 7 10.7-13.6 6.6-8.4 11
fif£E % Magnolia grandiflora 6 7.5-10.2 44-57 8-12
E47 Phyllostachys edulis 5 8.0-9.3 11.2-11.8 2

B FIR41-214° % Populus x canadensis ‘1-214 3 14.9-17.7 11.6-14.5 12
f@ R ZZ K Broadleaved mixed forest 18 6.7-17.4 4.1-17.2 10-15
it Total 93 5.7-28.7 2.6-28.4 2-50

D, diameter at breast height.
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Table 2 Regression models for biomass in urban forests and Cinnamomum camphora trees in the Shanghai metropolis

FEHEL MR A YE ZEL RIE MR E 23
Number of plots Model equation Coefficient of determination  Adjusted coefficient of determination
T AR Urban forest 62 Y =82.941-2.564 x X; + 0.651 x X, 0.46 0.44
% Cinnamomum camphora 15 Y =125.6 x exp(-0.833 x X3) 0.56 0.52

X1, TM5 (WL AN B ST ZA4H); Xo, Band 345 (LB ST ANM B T 2L AMNBEBUR SR 20 2 FN); Ko, HUAEAEHERERVY); Y, £t .
Xy, mid-infrared reflectance values (TM5); X the sum of reflectance values of red band, near-infrared and mid-infrared (Band 345); X3 ratio vegetation index

(RVI); Y, biomass.
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Fig. 2 Map of spatial distribution of urban forest biomass in
the Shanghai metropolis.
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fE M7 (IRMSE - MAEFIMRE (323). 45 5 E7w, M
EE AR, [a ) S B B4R E AR A (IRMSE . MAE.
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Gy A Ak DR RY FRRS P 23 i S, AR EG [l AR,
[6] I 2 B 2 4 (AR 7R (IRMSE . MAE . MRE %3 il B&
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BT S RIS FE, A8 TE RS A 6 A ) = AT AN
I8

HE— 20 I 5T X AR AR A ) B 1 2 B o3 A SR
BT 2 UL AT VAL TR (10 T AR M 2 A i P
H A 7E10-80 t-hm 2 Bl P9 (BI3A), 25 1M 4 A 5 )
. WA KK sh#ass . Mk e X AR 21
AR R /E—20-50 t-hm™ (KI3B), Tk 2 5w X Ik &
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R DX R A T 22 W5 A8 X e i (i
FATCIX) AT IX o B 22 1 23 8] o3 A KB 2 B AR b3
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MRAEWD R A, SN T QA [ SRR AR ) %
FEm XA E . R AR B 5 R R X I
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Table 3 Results of evaluations on estimation of urban forest biomass and Cinnamomum camphora tree biomass based on regression model and combination of
regression model and spatial analysis (IDW regression model) from validation sites in the Shanghai metropolis

[a] )97 Regression model

(6] 1 J P S 4B A5 7 1IDW regression model

PR % TR Rt iR 72 SR PR % TR xR 2 PRI R 2
RMSE MAE MRE RMSE MAE MRE
W HTARFR Urban forest 19.83 15.39 67.30% 8.39 6.86 24.22%
% Cinnamomum camphora 10.90 8.92 24.93% 10.42 7.33 19.74%

IDW, Inverse-distance weighting; MAE, average absolute error; MRE, average relative error; RMSE, root-mean-square error.
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Fig. 3 Maps of spatial distribution of urban forest biomass based on regression model (A) and its residual (B) in the Shanghai me-

tropolis.
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Fig. 4 Chart of forest biomass and relative areas for different districts and counties in the Shanghai metropolis.
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