Chapter 13
Investigating Fourteen Years of Net Primary

Productivity Based on Remote Sensing Data
for China

Christina Eisfelder and Claudia Kuenzer

Abstract Net primary productivity (NPP) is an important environmental indicator
that provides information about vegetation productivity and carbon fluxes. Ana-
lyses of NPP time-series allow for understanding temporal patterns and changes in
vegetation productivity. These are especially important in rapidly changing envi-
ronments, such as China, the world’s third largest country. In this study, we use the
model BETHY/DLR (Biosphere Energy Transfer Hydrology Model) for derivation
of NPP time-series for China for 14 years from 1999-2012. We analyse spatial and
temporal NPP distributions. These include mean annual NPP distribution and mean
productivities for different land cover classes. Monthly data provide information
about temporal patterns of vegetation productivity for different regions in China
and different vegetation types. Analyses of interannual NPP variability revealed
considerable differences in the development of annual vegetation productivity
within the analysed time period for different provinces. The decrease in NPP for
the district Shanghai shows the strong influence of one of Asia’s fastest growing
megacities on the environment. The NPP time-series was additionally analysed for
a forest region in North China, which has been affected by forest disturbances. Our
results show that the NPP data are suitable for monitoring of forest disturbance and
regrowth. The analyses and results presented in this study provide valuable infor-
mation about spatial and temporal variation of vegetation productivity in the
various regions within China.
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13.1 Introduction

Net primary productivity (NPP) is the dry matter production by vegetation. It
quantifies the carbon uptake by plants per unit area and unit time and, thus, provides
information about carbon emission or sequestration. NPP is a key variable for
ecological and environmental monitoring and a sensitive indicator of climate
change (Niemeijer 2002; Schimel 1995). It plays an important role in the global
carbon cycle (Prentice et al. 2001).

Modelling of NPP is of special interest in a country that shows such immense
and rapid development like China (United Nations Development Programme
UNDP 2013). The People’s Republic of China is the world’s third largest country
and also the most populous (Population Reference Bureau, PRB 2013). It experi-
ences strong economic growth and migration trends, which put pressure on eco-
logical resources (PRC 2012).

Monitoring of NPP and its spatio-temporal dynamics are important base infor-
mation for understanding possible impacts of global change and land management
(Eisfelder et al. 2014). In the past decade, several studies on NPP estimation for
China have been published, but most focus on small study areas or short time-
periods (e.g. Fu et al. 2013; Gao et al. 2013; Lu et al. 2013). National wide studies
are fewer and do so far not present variations for the first decade of twenty-first
century (Cao et al. 2003; Gao et al. 2004; Hou et al. 2013).

In this study, we model NPP for China for the 14-year period from 1999 to 2012.
We apply the remote sensing data based Biosphere Energy Transfer Hydrology
(BETHY/DLR) model. Our aims were to present annual NPP distribution for the
period 1999-2012 for China, analyse monthly patterns of vegetation productivity,
and investigate interannual variations in NPP for the time period covered. We also
analyse whether the modelled NPP data can be used for monitoring of forest
disturbance areas in North China. Thereby, we want to demonstrate the usability
of the modelled NPP time-series for understanding patterns in NPP and for mon-
itoring possible long-term changes in vegetation productivity.

13.2 Data and Methods

In this chapter, we introduce the study area and provide a short description of the
NPP model used within this study.

13.2.1 Study Area

Our study area is the People’s Republic of China. China covers an area of about 9.6
million km?. It is one of the world’s largest countries and encompasses diverse
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Fig. 13.1 Land cover for China from the GLC2000 (Bartholomé and Belward 2005; with
simplified legend). Locations A—F refer to the precipitation and temperature diagrams from
Fig. 12.2

climatic conditions. Figure 13.1 gives an overview on the land cover of China
according to the land cover classification from the global land cover database for
the year 2000 (GLC2000) (Bartholomé and Belward 2005).

In the western part of the country, grassland and sparsely vegetated areas are
dominant. In the northeast boreal forest and agricultural areas can be found. The
largest agricultural areas are located in the central eastern part of China. The
regions in the southeast are mainly covered by a mixture of natural vegetation,
mainly forest areas, shrub cover, and some agricultural areas (compare Fig. 13.1).

The southeastern part of China can be described as a warm temperate climate
with fully humid to winter dry conditions and hot to warm summers (Kottek
et al. 2006). In the northeastern part of the country snow climate with dry winters
and hot to warm summers is dominant. The western part of China can be divided
into a cold arid desert climate in the northern part and a polar tundra climate in the
southern part including the Tibetan plateau (Kottek et al. 2006). Figure 13.2 shows
selected precipitation and temperature diagrams for different regions of the country
(locations given in Fig. 13.1).
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Fig. 13.2 Selected precipitation (average monthly precipitation) and temperature (average daily
mean temperature) diagrams (extracted from Hijmans et al. 2005). Locations of the diagrams (a—f)
are shown in Fig. 13.1: (a) Uriimgi, (b) Xi’an, (c) Harbin, (d) Lhasa, (e) Guangzhou, (f) Shanghai

13.2.2 The Model BETHY/DLR

In this study, we applied the model BETHY/DLR for NPP calculation for China.
BETHY/DLR is a soil-vegetation-atmosphere-transfer (SVAT) model (WiBkirchen
et al. 2013). It is based on meteorological and remote sensing derived input data.
The CO, uptake by vegetation is simulated by BETHY/DLR as a process that is
limited by light intensity, heat, and soil water availability (Knorr 1997). The
parameterization of photosynthesis distinguishes between C; and C, plants (Far-
quhar et al. 1980; Collatz et al. 1992). The photosynthesis rate A is defined as the
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minimum of the carboxylation rate and the electron transport rate, minus dark
respiration (Eisfelder et al. 2014).

BETHY/DLR currently differentiates 33 internal vegetation types, for which
individual plant specific parameters are provided. These are needed for calculation
of photosynthesis and include maximum carboxylation rate, maximum electron
transport rate, maximum rooting depth, and maximum height. For each spatial unit
(i.e. pixel), two vegetation types can be modelled. This allows modelling of mixed
land cover classes as well as representation of fractional coverage of less than
100 %. Weighting factors define the fraction of primary and secondary vegetation
type (Eisfelder et al. 2013; WiBlkirchen et al. 2013).

BETHY/DLR is driven by meteorological and remote sensing based input data
(Table 13.1). Meteorological data are available from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (Berrisford
et al. 2011; Dee et al. 2011). These include data on precipitation, air temperature,
cloud coverage, and wind speed. Further, a land cover map and leaf area index
(LAI) data are used. The GLC 2000 (Bartholomé and Belward 2005) land cover
map was used within this study. Remote sensing based LAI data were available
from the geoland2 (Gio-GL 2013) data base. The LAI data are available globally
and provided with 1 km? resolution as 10-day composites. Pre-processing of LAI
time-series was performed before the data were used as input for BETHY/DLR.
This included correction of gaps and outliers in the time-series with a harmonic
analysis (WiBkirchen et al. 2013).

Additional input data for BETHY/DLR comprise a digital elevation model from
the latest version of the NOAA/NGDC GTOPO30 product (USGS 1996) and soil
types from the FAO soil map (FAO et al. 2009).

The spatial resolution of the NPP output from BETHY/DLR is 1 km?® This
equals the resolution of LAI and land cover input data. The continuous time-series
of meteorological input data on at least daily basis (cf. Table 13.1) allows for a high
temporal resolution. NPP outputs are calculated daily. Based on these daily data,
monthly and annual sums and means are calculated. An overview on the processing
scheme of BETHY/DLR is provided in Fig. 13.3.

13.3 Results and Discussion of NPP for China

Based on the monthly and annual NPP data, we analysed the spatial distribution of
vegetation productivity in China and calculated productivities for individual land
cover classes. Further, we discuss the monthly development of NPP and have a look
at interannual variations in vegetation productivity.
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Table 13.1 Input data for NPP modelling with BETHY/DLR for China

Spatial Temporal
Input parameter resolution resolution Source
Land cover map ~1 km Once GLC2000
LAI ~1 km 10-daily geoland?2
Soil map ~1 km Once FAO
Digital elevation model ~1 km Once GTOPO30
2 metre temperature 0.25° >daily ECMWF
Large-scale and convective precipitation 0.25° >daily ECMWF
Low, medium, and high cloud cover 0.25° >daily ECMWF
10 metre eastward and northward wind 0.25° >daily ECMWF
component
Surface geopotential 0.25° Once ECMWEF
- ..\\\ , e ._\. ¥
Input data Model Output data
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Fig. 13.3 Scheme of BETHY/DLR model

13.3.1 Spatial NPP Distribution

Figure 13.4 presents the calculated mean annual NPP for China for 1999-2012.
Highest mean annual NPP values can be observed in areas covered by broadleaved
forest or shrubs in the south-eastern part of China. In these areas, annual NPP sums
range between 1,500 and 2,000 g C m ™2 Agricultural areas in the central eastern
part of the country, roughly located between 32-36°N and 113-121°E, also show
high NPP with productivity maxima reaching 1,500 g C m 2.

The western part of China, a region covered by herbaceous vegetation, sparse

vegetation, and bare areas (cf. Fig. 13.1), is characterized by very low vegetation
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Fig. 13.4 Mean annual NPP for China for 1999-2012 calculated with BETHY/DLR

productivity. In the area between 37—42°N and 75-87°E some local spots with
clearly visible higher productivity can be observed. These are cultivated and
managed areas (cf. Fig. 13.1) and, further north, also some more grassland and
managed areas can be identified. In addition, Fig. 13.5 provides an overview on
average mean annual NPP values for individual provinces within China.

Average mean annual NPP values for individual land cover classes are presented
in Table 13.2. Highest productivity can be observed for broadleaved evergreen and
trees with NPP of 1,034 g C m 2. This is followed by cultivated and managed areas
824 g C m~2), broadleaved deciduous trees (718 gC m~2), needleleaved trees
(707 g Cm ™2, 704 g C m2) and evergreen shrubs (686 g C m2). Lowest annual
NPP in the period 1999-2012 have herbaceous cover (171 g C m™2), sparse
vegetation (57 g C mfz), and bare areas (18 g C m72).

The NPP values from BETHY/DLR presented in Table 13.2 correspond to
productivities published in other studies for China. Feng et al. (2007), for example,
reported annual NPP values of 122.6 g C m ™~ for grassland, 14.3 g¢ C m~> for barren
areas, 342 g C m~? for cropland, 363 g C m ™ for shrubland, and 552 ¢ C m 2 at
average for forests. Yan et al. (2006) found annual NPP for coniferous and broad-
leaf mixed forest in the Dinghushan Biosphere Reserve of 1,148 g C m ~ for
evergreen broad-leaf forest and 678 g C m™~.

Matsushita and Tamura (2002) reported NPP of 1178 g C m ™2 for broadleaved
forests, 690 g C m~2 for broadleaved crops, 614 g C m~2 for needleleaved forest,
and 460 g C m™ 2 for shrubs in East Asia. For grasslands in western China
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Fig. 13.5 Mean annual NPP for individual provinces within China for 1999-2012 calculated with
BETHY/DLR

Table 13.2 Average mean annual NPP for different land cover types in China for 1999-2012

Land cover type Mean annual NPP [g C m?]
Broadleaved trees, evergreen 1034.2
Cultivated and managed areas 824.1
Broadleaved trees, deciduous 718.1
Needleleaved trees, deciduous 707.3
Needleleaved trees, evergreen 703.5
Shrub cover, evergreen 685.8
Tree cover/natural vegetation 651.3
Cropland/natural vegetation 606.8
Mixed leaf trees 571.3
Regularly flooded area 482.3
Shrub cover, deciduous 429.2
Herbaceous cover 171.3
Sparse vegetation 56.9
Bare areas 17.5

productivities between 124 and 231 g C m > per year were presented by Lu
et al. (2004). In the same study, rice was found to have annual productivity of
632 g C m 2 and other agricultural areas 492 ¢ C m 2.
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Wang et al. (2008) analysed NPP of Chinese forest areas for the late 1990s and
found NPP of 1,372 g C m~2 for evergreen broadleaved forest, 1,240 g C m ™~ for
evergreen needleleaved forest, 994 g C m ™2 for deciduous broadleaved forest, and
852 g C m ™ for deciduous needleleaved forest. The available NPP data for similar

vegetation types are in general consistent with the results obtained in our study
(Table 13.2).

13.3.2 Monthly NPP Patterns

Figure 13.6 shows mean monthly NPP for China for the period 1999-2012. The
monthly NPP values clearly identify variances in productivity for different parts of
the country throughout the year.

The warm temperate climate in the southeast of China allows for vegetation
productivity throughout the year. In the north and west pronounced winter dor-
mancy can be observed, which lasts from November through March.

In April and May, high productivities of up to 330 g C m~ 2 are reached in the
agricultural areas in the central eastern part of the country (32-36°N and 113—
121°E). Forest areas, which have highest annual NPP in general (Table 13.2), reach
maximum productivities a bit later, with about 210 g C m 2 per month in June/July/
August. Vegetation growth starts later in the northeast of China. In this area,
productivity can be observed from May on. The maximum NPP is reached in
July and August in the northeastern part of the country. After the maximum,
productivity quickly declines within 1 month. Highest productivity for grasslands
and cultivated and managed areas in the very northwest of China can be observed in
June and July.

Table 13.3 summarizes mean monthly NPP for vegetated land cover classes
within China for the period 1999-2011. The results from BETHY/DLR clearly
show the different temporal behaviour of evergreen and deciduous trees and shrubs
(Table 13.3). Evergreen trees and shrubs show a longer growth period than decid-
uous trees/shrubs, but the maximum productivity, reached around July, is higher for
deciduous trees/shrubs. Evergreen vegetation tends to show a slightly later maxi-
mum. This becomes also obvious in Fig. 13.7, which displays mean monthly NPP
for the vegetated land cover classes with largest coverage within China.

Maximum vegetation productivity is reached in July or August for almost all
analysed land cover classes. A late productivity peak in August can be observed for
cultivated and managed areas (Table 13.3).

13.3.3 Interannual NPP Variability

Figure 13.8 shows annual NPP for China for individual years from 1999 to 2012
calculated with BETHY/DLR. Differences in NPP distribution between the years
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Fig. 13.6 Mean monthly NPP for China for the time period 1999-2012

are clearly visible. The agricultural areas in the central East, for example, show
lower productivity in 2000, 2002, and 2003 than in the other years. Boreal forest
areas in the northeast have comparatively lower productivities in 2003 and 2011.
For the area near the coast in Southeast China higher productivities can be observed
in 2003, 2004, 2011 and 2012, compared to the other years.

Interannual NPP variation for individual Chinese provinces is also displayed in
Fig. 13.9. The provinces are grouped into regional clusters and mean values for the
defined regions are also shown. The graphs allow analysing temporal NPP patterns
in more detail. For the dry western part of China, with generally very low NPP, we
can observe a slight trend towards higher productivity in the 13-year period
analysed in this study (Fig. 13.9). This is not the case for most other regions,
where interannual variation is more pronounced. Strong variations can be observed
for some districts in the Central North and Southeast. In the northern districts,
annual NPP is relatively stable or shows a slight increase. In the Northeast, higher
values can be observed for the period 2004—2007. An increase in NPP, followed by
a slight downward trend between 2005 and 2011 can be observed for most districts
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Fig. 13.7 Mean monthly NPP values for 1999-2012 for selected vegetated land cover classes in
China calculated with BETHY/DLR

in the Central North and Central South regions. The development of annual NPP in
the period 1999-2011 for the district Shanghai differs strongly from the develop-
ment in the nearby districts. For Shanghai a clear downward trend can be observed
in the period of investigation. In the Southwest, NPP values are quite stable, with an
increase only for the last year. Annual NPP is more variable in the districts in the
Southeast of China.

13.3.4 Impact of Urban Sprawl Around Shanghai

The development of NPP for the province of Shanghai within the observed time-
period is remarkable (Fig. 13.9). A linear regression analysis reveals that the
downward trend over the course of the observed time span is significant with
p <0.001. To quantify the loss of productivity, we calculated mean annual NPP
within Shanghai and the two neighbouring prefectural-level cities Suzhou and
Jiaxing. The difference between NPP for the years 2000 and 2010 for individual
municipalities is displayed in Fig. 13.10. A clear downward trend in NPP can be
observed for all municipalities in the area of investigation around Shanghai
(Fig. 13.10). Absolute NPP loss is highest in the municipalities Fengxian, Jinshan,
and Pinghu at the northern shore of Hangzhou Bay and Jiaxing, with a loss greater
than 250 g C m ™~ in the 10-year period. Relative loss is in general lowest with less
than 20 % for the Jiaxing (Southwest), except for the area around the city of Jiaxing.
Shanghai (East) and Suzhou (Northwest) have higher percentage NPP reduction.
All municipalities except Shazhou in Suzhou have a loss of greater than 20 %. Five
out of nine municipalities around Shanghai show a loss of more than 25 % in the
period 2000-2010 (Fig. 13.10).

To ensure that years compared are representative and no extraordinary extreme
years, we also calculated mean values over the 3-year periods of 1999-2001 and
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Fig. 13.8 Annual NPP for China for the years 1999-2012 calculated with BETHY/DLR

2010-2012. The results of this periodical comparison and resulting absolute and
relative NPP loss values are given in Table 13.4.

The low absolute loss in NPP around the city centre of Shanghai can be
explained by the already high urban sprawl in that area. Low absolute loss but
high relative loss, such as observed for Baoshan and Minhang (Fig. 13.10), indicate
that the area had already been closely built-up in 2000 and that until 2010 large
parts of the remaining vegetation areas have been cleared. In general, we assume
that a strong decrease in NPP has probably been caused by increasing urban growth.
In the case of Wuxian, the high relative loss is due to the large water body of Taihu
Lake. Comparatively low absolute NPP loss can be observed within the prefecture-
level city of Jiaxing. This region is more rural and large areas are used for
agriculture. NPP loss is not as severe as in other parts of the investigated area,
but also a reduction of at least 10 % can be observed for the period 2000-2010.
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shows the location of the regions within China

13.3.5 Monitoring Forest Disturbance in North China

Figure 13.11 depicts a forested region in Northeast China at the border to Russia,
which is mainly covered by needle-leaved forest. The area covers the northern part
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Jiaxing, and Shanghai. The city centre of Shanghai is shown in violet. Left: Absolute loss in annual
NPP. Right: Relative loss in annual NPP with respect to the annual NPP in 2000

of the Greater Khingan mountains. The area belongs to the provinces Nei Mongol
(West) and Heilongjiang (East). The three maps in Fig. 13.11 show annual NPP for
the years 2002, 2003, 2006 and 2011. From the NPP data shown in Fig. 13.11, it can
be seen that in the year 2003 three forest areas (red polygons) plus some smaller
areas have been disturbed. In 2006, an additional area with recent disturbance can
be observed (blue polygon in Fig. 13.11).

Figure 13.12 shows average annual NPP for 1999-2011 for the three polygons
that were disturbed in 2003. From the annual variation in NPP, the disturbance
impacts become also obvious. The vegetation productivity for these areas was high
between 1999 and 2002 and suddenly dropped to low values in 2003.

The annual NPP data also clearly show the regrowth of vegetation within the
three disturbed areas from 2003. After the rapid decrease in the year of the
disturbance event, an increase of annual productivity can be observed. For all
three disturbed areas, NPP went up again. The most quickly raise shows largest
disturbed area close to the Russian border in the Northeast (forest area no. 1).

The forest disturbances we observe in this study based on the NPP data, have
also been reported by Tao et al. 2013, who analysed causes of forest disturbance in
Northeast China. The two large disturbance areas in 2003 (no. 1 and 2 from
Fig. 13.11) as well as the forest disturbance area in 2006 have been caused by
forest fires The small area in 2003 (no. 3 from Fig. 13.11) can be attributed to
deforestation and land-use change (Tao et al. 2013).
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Table 13.4 Three-year average mean annual and monthly NPP for individual municipalities
within Suzhou, Jiaxing, and Shanghai for the periods 1999-2001 and 2010-2012

3-year mean NPP | 3-year mean NPP | Absolute
1999-2001 [g C 2010-2012 [g C loss [g C Relative
Municipality m’z] m’z] m’z] loss [%]
Suzhou Changshu 982.4 804.4 178.0 18.1
Kunshan 960.6 667.9 292.7 30.5
Shazhou 720.8 645.4 75.4 10.5
Suzhou 534.8 375.6 159.2 29.8
Taicang 1088.0 882.2 205.7 18.9
Wujiang 745.3 599.3 146.1 19.6
Wuxian 360.0 284.5 75.5 21.0
Shanghai | Baoshan 187.5 132.7 54.8 29.2
Fengxian 1048.7 786.3 262.4 25.0
Jiading 863.6 646.9 216.7 25.1
Jinshan 1464.7 1123.2 341.5 23.3
Minhang 279.3 2242 55.1 19.7
Nanhui 911.0 694.9 216.1 23.7
Pudong 267.0 238.0 29.0 10.9
Qingpu 952.5 797.1 155.4 16.3
Songjiang 1100.6 879.3 221.3 20.1
Jiaxing Haining 1181.9 997.2 184.7 15.6
Haiyan 1388.3 1218.8 169.5 12.2
Jiashan 1210.3 938.3 272.0 22.5
Jiaxing 1079.3 842.4 236.9 22.0
Pinghu 1542.1 1272.8 269.3 17.5
Tongxiang 1204.3 1080.5 123.8 10.3
Xiuzhou 13344 1149.9 184.5 13.8
Total ALL 930.8 751.4 165.1 19.8

13.4 Conclusions

We applied the model BETHY/DLR to calculate NPP time-series for China for
14 years from 1999 to 2012. The NPP results were analysed regarding spatial,
monthly, and interannual variations. We first presented mean annual NPP distribu-
tion for 1999-2012 and derived mean productivities for different land cover classes.
The results obtained with BETHY/DLR correspond well to previously
published data.

The results of the monthly NPP analyses show, that the data are well suited to
analyse differences in temporal patterns of vegetation productivity, both for differ-
ent regions in China and for different vegetation types. The results are important
base information for understanding growth efficiency of different plants in differing
climatic regimes.
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Fig. 13.11 Annual NPP for the years 2002, 2003, 2006, and 2011 for a forest region in North
China. The displayed region borders Russia to the North (national border shown as grey line). The
red and blue polygons highlight forest disturbance areas in 2003 and 2006 respectively. The
numbering of disturbed forest areas in 2003 refers to Fig. 13.12

The analyses of interannual NPP variability provided an interesting insight to the
development of annual vegetation productivity within the period under investiga-
tion. The annual productivity within different provinces varied considerably. For
different regions of China, partly opposite trends could be observed. A decrease in
NPP can be observed for the district Shanghai, which differs from the pattern in the
surrounding region. This shows the strong influence of urbanization around one of
Asia’s fastest growing megacities on the environment.

A closer look at the region around Shanghai revealed that a strong impact on the
environment can be observed based on the NPP time-series. For Suzhou, Jiaxing,
and Shanghai, a decrease in vegetation productivity can be observed for the period
2000-2010. All municipalities in the area of investigation around Shanghai showed
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Fig. 13.12 Mean annual NPP for 1999-2011 within the three forest areas from Fig. 13.11 that
were disturbed in 2003

a loss in NPP of at least 10 %. In our results, the strong influence of urbanization on
the environment around one of Asia’s fastest growing megacities becomes obvious.

The NPP time-series was also analysed for a region in North China. This forest
area has been effected by forest fires and logging activity. Our analyses show that
the NPP data can be used to identify and monitor areas of forest disturbance. The
information derived from NPP time-series can support understanding impacts,
speed of regrowth, and status of forests after disturbance events. The derived
datasets and presented results of this study provide valuable information about
spatial distribution and temporal variation of vegetation productivity in the various
regions of China.
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