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Abstract: Net Primary Productivity (NPP) can effectively reflect the characteristics and strength of
the response to external disturbances on estuarine alluvial island ecosystems, which can provide
evidence for regulating human development and utilization activities and improving blue carbon
capacity. However, there are a few studies on NPP of estuarine alluvial islands. We established
a model based on a Carnegie–Ames–Stanford Approach (CASA) to estimate NPP on Chongming
Island, a typical estuarine alluvial island, by considering the actual ecological characteristics of the
island. The NPP of different land-cover types and protected areas in different years and seasons were
estimated using Remote Sensing and Geographic Information System as the main tools. Correlations
between NPP and Remote Sensing-based spatially heterogeneous factors were then conducted. In the
last 30 years, the mean NPP of Chongming Island initially increased and then slowly decreased, while
total NPP gradually increased. In 2016–2017, Chongming Island total NPP was 422.32 Gg C·a−1, and
mean NPP was 287.84 g C·m−2·a−1, showing significant seasonal differences. NPP showed obvious
spatial differentiation in both land-cover and protected area types, resulting from joint influences of
natural and human activities. Chongming Island vegetation growth status and cover were the main
factors that positively affected NPP. Soil surface humidity increased NPP, while soil salinity, surface
temperature, and surface aridity were important NPP limiting factors.

Keywords: NPP; remote sensing; spatiotemporal characteristics; wetland ecosystem; Chongming Island

1. Introduction

Estuarine alluvial islands have unique ecosystem characteristics due to the impact
of nature and human activities [1–3]. Intense land–sea interactions [4,5] include morpho-
logical changes to islands, and are dominated by sedimentation and supplemented by
erosion [3,6–10], seawater intrusion and soil salinization [2,11], sea level rise [4,12,13], and
coastal erosion [14]. Interference caused by complex human activities [15], such as urban
and rural construction, land reclamation, farmland expansion, coastal engineering, and
aquaculture, have jointly caused spatiotemporal changes in the surface characteristics of
estuarine alluvial islands [9,16–19]. Moreover, they have caused environmental, economic,
and social vulnerabilities to be more obvious than on rocky islands [2,20–23].

Net primary productivity (NPP) represents the net accumulation of organic matter
by plants under the influence of external factors such as temperature, precipitation, solar
radiation, CO2 concentration, and nitrogen deposition [24,25]. It is calculated by subtracting
autotrophic respiration from gross primary productivity fixed through photosynthesis
per unit time and unit area. NPP reflects the productive capacity of vegetation under
natural environmental conditions and characterizes ecosystem quality. It is an important
indicator of ecosystem vitality and sustainable development [25], and can reflect the
characteristics and strength of an estuarine alluvial island ecosystem response to different
external disturbances.

Additionally, NPP represents the ecosystem carbon budget [24,26]. Therefore, accu-
rately assessing NPP status and spatiotemporal distribution characteristics of a typical blue
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carbon ecosystem such as an estuarine alluvial island is highly significant because it can pro-
vide evidence for regulating human development and utilization activities and improving
the blue carbon capacity of islands according to their potential and changing patterns.

Sampling surveys, fixed-site observations, and model simulations have been used in
NPP research worldwide [27]. However, approaches for estimation have changed from
traditional ecological measurement to modern approaches supported by remote sensing
(RS), geographic information system (GIS), and global navigation satellite system (GNSS).
Data sources have also changed from simple field measurements to comprehensive tech-
nological application of massive RS, GIS, and flux observational data. Related research
has involved grassland [28–30], forest [31,32], mangroves [33–35], bamboo forest [36], and
farmland [37]. Furthermore, research has been conducted at different spatial scales from
individual [38], landscape [39], regional [40,41], and even global [42,43]. Regional and
global ecosystem NPP is difficult to measure directly and comprehensively, so it is of-
ten evaluated through model estimation. RS-based light energy utilization models, such
as the CASA [44,45], GLO-PEM [32,46], and C-Fix [47], are effective research tools with
good potential [30]. Among them, the CASA model has been widely used in regional
and global NPP estimation due to its simplicity, comprehensive calculation environment
and parameters, possibility of estimating different degradation types, and flexibility in
space and time [30,48]. Therefore, many NPP studies have been conducted for different
ecosystem types in different regions at different spatiotemporal scales and the research
methods are relatively mature. A few studies have investigated vegetation NPP on rocky
islands [34,49,50], but NPP studies on estuarine alluvial islands are scarce.

Chongming Island is the largest estuarine alluvial island in the world and is a repre-
sentative coastal blue carbon ecosystem in China [2]. With a unique geographic location
and massive sediment sources, the island ecosystem is composed of rich and intact wetland
vegetation and has become a habitat for many endangered bird species [51]. However, as
an estuarine alluvial island, Chongming Island is characterized by the ecological vulner-
ability. The island is in an unstable state of continuous siltation from the river and sea,
so it is greatly affected by global climate change, sea level rise, and seawater intrusion.
Therefore, the overall island ecological condition and carrying capacity are relatively frag-
ile [17,20,23,52]. Furthermore, as agricultural activities, urban construction, and coastal
reclamation have directly occupied and divided natural landscapes and habitats, various
human activities have greatly changed the ecological characteristics of the island [2]. Some
water bodies exhibit eutrophication, and soil heavy metal exceeds the safe standard at some
sites [51]. Invasion of alien species such as Spartina alterniflora Lois. and Solidago canadensis
Linn. as well as vegetation restoration measures are also significantly affecting island plant
diversity [52]. Since the beginning of the 21st century, the ecological value of Chongming
Island has become a focus of attention. In 2001, the Shanghai Municipal Government pro-
posed the ideology of “ecological island construction” for Chongming [53]. Chongming’s
13th Five-Year Plan included the development goal of becoming a “world-class ecological
island” [54]. To maintain the island ecosystem, a wide range of ecological measures were
taken for environmental protection, pollution prevention, circular economy, and green
living, along with institutional reforms for ecological island construction [51]. The above-
mentioned factors have caused drastic spatiotemporal variations in island land-cover types,
thereby affecting NPP and its spatial distribution.

Using Landsat 5/8 Multi-Band Remote Sensing images and meteorological data,
this paper applied the CASA model to characterize NPP spatiotemporal variations on
Chongming Island over the past 30 years, with a time interval of approximately 10 years.
Then, the correlations between NPP and spatial heterogeneity factors based on Remote
Sensing, including normalized difference vegetation index (NDVI), salinity index (SI), land
surface wetness (LSW), index-based built-up index (IBI), bare soil index (BSI), and land
surface temperature (LST) were analyzed in different years and seasons, as well as the
correlation between these factors (Figure 1). This study aims to answer the following three
scientific questions: (1) How is vegetation NPP measured on an estuarine alluvial island
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across different years and different seasons, based on Remote Sensing? (2) What are the
spatiotemporal characteristics of vegetation NPP under the multiple influences of intensive
land–sea interactions and human activities? (3) Which factors control the spatiotemporal
variations of vegetation NPP on an estuarine alluvial island?
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Figure 1. Research framework.

2. Materials and Methods
2.1. Study Area

Chongming Island is the largest estuarine alluvial island in the world and the third
largest island in China. It is located in the Yangtze River estuary, Chongming District, Shang-
hai [9,14]. The island is approximately 80 km east–west and 13–18 km north–south [2,21].
Due to continuous sediment accumulation from the Yangtze River, the island’s area is
increasing at a rate of approximately 7.39 km2 annually during 1988–2017. Chongming
Island is in the northern subtropical marine monsoon climate zone and has a mild and hu-
mid climate with four distinct seasons, adequate sunshine, and abundant precipitation [55].
The annual average temperature is 15.3 ◦C [21,56], and the annual average rainfall is
1022 mm [56]. Both temperature and rainfall change seasonally. The average temperature
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and precipitation are the highest in summer (26.0 ◦C and 486.6 mm, respectively) and the
lowest in winter (4.7 ◦C and 146.6 mm, respectively) [57].

The island has a flat terrain, with 90% of the land between 3.21 m and 4.20 m altitude
(Wusong Benchmark) [2,21]. The central and northeast portions of the island are higher
than in the southwest and east. As a typical plain basin, the island has a dense river network
consisting of 1119 rivers totaling 2028 km [20]. The main ecosystems of Chongming Island
are agricultural land and natural wetland. Agricultural land dominates, and includes
activities such as farming, planting, and pond farming. Chongming Island has long been
regarded as the “granary” of Shanghai [2,26].

Chongming Island is an important estuarine wetland ecosystem which is widely
distributed along the coastline and provides important habitats for migratory birds and
many aquatic species [51,58]. Island bird species account for approximately 1/3 of the bird
species in China. To protect migratory birds, estuarine wetland, and forest resources, a
number of natural ecological protection areas have been established, including Chongming
Dongtan Nature Reserve, Xisha Wetland, Beihu Wetland, and Dongping National Forest
Park [17,51]. Nature reserves include core and ordinary protected areas: Dongtan National
Nature Reserve is a core protected area, while the others are ordinary protected areas.

2.2. Data Sources
2.2.1. RS Images

Seven periods of cloud-free or low-cloud cover RS images with a resolution of
30 m × 30 m were taken by the LANDSAT 5 satellite in the summers of 1988, 1995, and
2007 and the LANDSAT 8 satellite in the spring, summer, autumn, and winter of 2016–2017.
The cloud cover values of these remote sensing images were 0, 0, 0, 7.36%, 8.55%, 5.13%,
and 15.59%, respectively. These values indicated the cloud covers in the entire images, but,
for the study area, the cloud cover values are much lower, which could be observed in
Figure 2. These images were used to represent spatiotemporal variation on Chongming
Island over the past 30 years and to draw the four-year outlines of Chongming Island using
the visual interpretation method based on fusion image. The shortwave infrared 2, near
infrared, and red bands, which refer to bands 7, 4, and 3, respectively, in Landsat 5 data
and bands 7, 5, and 4, respectively, in Landsat 8 data were fused and shown in Figure 2.
The normalized difference vegetation index (NDVI) of the study area in different periods
was obtained after image clipping, radiometric calibration, and band calculation within
ENVI 5.3 software.

Using the RS images collected in the summers of 1988, 1995, 2007, and 2017, the
land-cover types of the study area were classified into nine categories: wetland vegetation,
mudflat, woodland, farmland, water area, pond, building land, traffic land, and industrial
land, according to Chi et al. [59] (Figure 3). Wetland vegetation that is mainly distributed
in the coastal area of the island and is composed of mainly Phragmites australis (Cav.) Trin,
Scirpus mariqueter Tang et Wang, and Spartina alterniflora. Mudflat is bare wetland closer
to the sea than regular wetland vegetation. Woodland refers to land cover of trees and
shrubs. Because of the short land-forming history of Chongming Island, woodland is
mostly planted secondary forests distributed throughout the entire island. Farmland, the
landscape matrix of the island, is distributed the most broadly and over the largest area,
and the main crops are wheat, rice, watermelon, and a variety of vegetable species. Water
area includes the densely distributed rivers and lakes on the island, including main and
secondary river channels, reservoirs, and lakes. Pond refers to regular-shaped man-made
aquaculture water bodies. Building land includes urban construction, and rural residential
lands. Urban construction land is mainly distributed in the densely populated central areas
of townships, while rural residential land is mainly distributed on both sides of farm fields
and small roads and consists mostly of local farmer villages [51]. Traffic land is composed of
roads and ports. Industrial land, which is mainly used for industrial storage and industrial
parks, is relatively scarce and is in the south of the island.
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2.2.2. Meteorological Data

The meteorological data used were the long-term observational data of meteorological
stations on Chongming Island and its surrounding areas. Data included total solar and
astronomical radiation data obtained from He et al. [60], sunshine, and potential sunshine
duration from Jin [61] and the Bureau of Statistics of Chongming District of Shanghai [62],
and temperature, precipitation, evapotranspiration, and relative humidity from Gu [57]
and the Bureau of Statistics of Chongming District in Shanghai [62].

2.3. Establishment of the Evaluation Model
2.3.1. NPP Calculation

By applying the CASA [44], the RS and meteorological data were used to estimate
NPP in the study area. The calculation formulae are as follows:

NPP(x, t) = APAR(x, t)× ξ(x, t) (1)

APAR(x, t) = PAR(x, t)× FPAR(x, t) (2)

ξ(x, t) = f t(t)× f w(t)× ξmax (3)
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where NPP(x, t) is the NPP at point x in month t (g C·m−2·month−1); APAR(x, t) is the pho-
tosynthetically active radiation absorbed by plants at point x in month t (MJ·m−2·month−1);
ξ(x, t) is the actual light utilization rate at point x in month t (g C·MJ−1); PAR(x, t) is the
photosynthetically active radiation at point x in month t (MJ·m−2·month−1), which can be
taken as 50% of the total solar radiation; FPAR(x, t) is the fraction of photosynthetically
active radiation absorbed at point x in month t (%); f t(t) and f w(t) are the temperature
stress factor and water stress factor (%) in month t in the study area, respectively; and ξmax
is the maximum light-use efficiency of vegetation (g C·MJ−1).

(1) FPAR calculation
FPAR has significant linear relationships with NDVI and the simple ratio vegetation

index (SRVI). FPAR1 and FPAR2 can be calculated using NDVI and SRVI, respectively,
following the formulae given below:

FPAR(x, t)1 =
(NDVI(x, t)−NDVImin)

(NDVImax −NDVImin)
× (FPARmax − FPARmin) + FPARmin (4)

FPAR(x, t)2 =
(SRVI(x, t)− SRVImin)

(SRVImax − SRVImin)
× (FPARmax − FPARmin) + FPARmin (5)

where NDVI(x, t) is the NDVI value at point x in month t; and FPARmax and FPARmin
are 0.95 and 0.001, respectively. To eliminate outliers and reduce the influence of extreme
values, NDVImax and NDVImin are set equal to the 95th- and 5th-percentile values of all
NDVI values, respectively; SRVI(x, t) is the SRVI at point x in month t, which is calculated
using Formula (6); SRVImax and SRVImin are the 95th- and 5th-percentile values of all SRVI
values, respectively. The formula for SRVI(x, t) is

SRVI(x, t) =
1 + NDVI(x, t)
1−NDVI(x, t)

(6)

The FPAR value is more accurate when it is obtained by combining FPAR1 and FPAR2
following the formula

FPAR(x, t) = (FPAR(x, t)1 + FPAR(x, t)2)/2 (7)

(2) ft and fw calculation
The ft calculation formula is

f t(t) = f t(t)1× f t(t)2 (8)

The value f t(t)1 reflects the restriction on photosynthesis due to the plant’s intrinsic
biochemical process under extreme temperature, which further affects NPP. The calculation
formula of f t(t)1 is

f t(t)1 = 0.8 + 0.02× Topt − 0.0005× T2
opt (9)

where Topt is the optimal temperature, which is the mean monthly temperature in the
month with the highest average NDVI (August).

The value f t(t)2 indicates the effect on the light-use efficiency when the actual tem-
perature is higher or lower than the optimal temperature. It is calculated as

f t(t)2 =
1.184

1 + exp
[
0.2×

(
Topt − 10− T

)] × 1
1 + exp

[
0.3×

(
T − Topt − 10

)] (10)

where T is the actual average temperature of the month. When the average temperature
T of a month is 10 ◦C higher or 13 ◦C lower than the optimal temperature Topt, the value
of f t(t)2 in that month is equal to half of the value of f t(t)2 in the month with the
optimal temperature.
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The variable fw reflects the impact of plant-available water conditions on the light-use
efficiency of plants and is calculated following the formula

f w(t) = 0.5 + 0.5× E/EP (11)

where E is the actual regional evapotranspiration obtained from the existing meteorological
data and EP is the potential regional evapotranspiration. The latter can be calculated with
the formula

EP =

√ Rn

0.598
+

r× 0.3692

4× 0.5982 −
√

r× 0.369
2× 0.598

2

(12)

where r is precipitation (mm) and Rn is net radiation (MJ·m−2·d−1). Rn can be obtained
from the Compilation Group of Sprinkler Irrigation Engineering Design Manual [63]:

Rn = Rn1 − Rn2 (13)

Rn1 = (1− a)(0.25 + 0.5n/N)Ra (14)

Rn2 = σT4
k × (0.34− 0.044

√
ed)× (0.1 + 0.9n/N) (15)

where a is the reflectance, taken as 23%; n is the sunshine duration (h), N is the potential sun-
shine duration (h) at the given latitude, Ra is the astronomical radiation (MJ·m−2); σ is the
Stefan–Boltzmann constant, taken as 2 × 10−9 mm d−1K−4; Tk is the average temperature
of the month (K); and ed is the water vapor pressure (hPa), which can be calculated from
the relative humidity and saturation vapor pressure of water at different temperatures.

(3) Calculation of ξmax
The maximum light-use efficiency (ξmax) has a direct and significant impact on NPP

estimation, and the ξmax value varies markedly between different plants. The P. australis
plant community is distributed widely and occupies the largest area in the coastal wetland
vegetation of Chongming Island [64]. There are few studies specifically on the maximum
light-use efficiency of wetland vegetation, however, as reported by Chi et al. [65] in the Yel-
low River Delta with P. australis as the dominant species, the wetland vegetation ξmax was
set at 1.257 g C/MJ. The ξmax values of other land-cover types were also chosen based on
existing studies, especially the widely applied Running et al. and Zhu et al. studies [66,67].
Running et al. simulated 10 vegetation types using an ecological physiological process
model and reported ξmax values in the range of 0.604–1.259 g C/MJ [66], while the simula-
tions of Zhu et al. derived ξmax values of different Chinese vegetation types in the range of
0.389–0.985 g C/MJ according to forestry census data and the CASA model [67]. We treat
woodland as mixed forest, and its ξmax was 0.942 g C/MJ, which was the average value of
the evergreen and deciduous broad-leaved mixed forests derived from the results in the
above two studies. The ξmax of farmland was 0.573 g C/MJ, which was the average for
cultivated land vegetation in the above two studies. The maximum light-use efficiency of
surface-cover types in non-vegetated areas such as mudflats, waters, ponds, building land,
traffic land, and industrial land is theoretically 0. However, because the spatial resolution of
RS was 30 m, vegetation appeared in these land-cover types due to unavoidable problems
such as interpretation errors and mixed pixels. Therefore, we used the lowest ξmax of
0.389 g C/MJ reported by Zhu et al. [67] for these land-cover types (Table 1).

Table 1. Maximum light use efficiency (ξmax).

Item Wetland Vegetation Woodland Farmland Others

ξmax 1.257 0.942 0.573 0.389



Land 2021, 10, 130 9 of 26

2.3.2. Analysis of NPP Spatiotemporal Characteristics

NPP in the summers of 1988, 1995, and 2007 and the different seasons of 2016–2017
were each calculated. The whole-year NPP of 2016–2017 was calculated from the NPP of
each season in 2016–2017.

Based on the results of NPP estimation in the summer of 1988, 1995, 2007, and 2017, the
temporal changes of NPP in the study area in summer were analyzed at 10-year intervals,
which can approximately represent the variation trend of NPP over the past 30 years. By
comparing the NPP of spring, summer, autumn, and winter in 2016–2017, the seasonal
differences of NPP in the study area were analyzed. Subsequently, the characteristics and
differences of NPP were analyzed among different land-cover types by using wetland
vegetation, mudflat, woodland, farmland, water area, pond, building land, traffic land, and
industrial land as the study units. Similarly, the characteristics and differences in NPP were
analyzed among different protection area types by using core protected areas, ordinary pro-
tected areas, and unprotected areas as the study units. Based on the estimated annual NPP
(g C·m−2·a−1) of 2016–2017, the study area was divided into extremely high—(NPP > 400),
high—(300 < NPP ≤ 400), moderate—(200 < NPP ≤ 300), low—(100 < NPP ≤ 200), and
extremely low-productivity (NPP ≤ 100) areas.

2.3.3. Correlation Analysis of Main Influencing Factors

NPP and its spatial distribution are often affected by external environmental factors
such as radiation, temperature, precipitation, vegetation, soil, and terrain [24,25]. The
climatic (e.g., radiation, temperature, and precipitation) and terrain factors are spatially
homogeneous in the study area. Therefore, this paper mainly considered other spatially
heterogeneous factors and discuss in depth the ecological significance of RS. NDVI, salinity
Index (SI), land surface wetness (LSW), index-based built-up index (IBI), bare soil index
(BSI), and land surface temperature (LST) were used to analyze the correlations between
spatial heterogeneity factors and NPP and among each other.

NDVI is the best indicator for comprehensively reflecting vegetation type, vegetation
cover degree, and vegetation growth status [68–70]. SI is a basic factor to characterize
soil salt content, which directly affects soil quality in estuarine areas [70,71]. LSW and
LST, which are basic physical quantities of the land surface, play significant roles in the
land–atmosphere interaction [72,73] and are closely related to soil salinity [74,75]. IBI and
BSI, which reflect the conditions of impermeable land and bare land, respectively, can
indicate the degree of surface aridity [59].

NDVI, SI, LSW, IBI, BSI, and LST were all obtained from band calculations on RS data
using the following formulae [59,70,72,76–79]:

NDVI =
Re5 − Re4

Re5 + Re4
(16)

SI =
√

Re2 × Re4 (17)

LSW = C2 × Re2 + C3 × Re3 + C4 × Re4 + C5 × Re5 + C6 × Re6 + C7 × Re7 (18)

IBI =
2× Re6/(Re6 + Re5)− [Re5/(Re5 + Re4) + Re3/(Re3 + Re6)]

2× Re6/(Re6 + Re5) + [Re5/(Re5 + Re4) + Re3/(Re3 + Re6)]
(19)

BSI =
(Re6 + Re4)− (Re5 + Re2)

(Re6 + Re4) + (Re5 + Re2)
(20)

LST =T10 + A(T10 − T11) + B (21)

The LANDSAT 8 satellite has 11 bands, named B1–B11 [80]. Rex is the spectral re-
flectance of Bx, which was obtained through radiometric calibration using the metadata.
The serial numbers (x) of bands in the above formulae are for LANDSAT 8 data, from
which 1 is subtracted to obtain the number in the LANDSAT 5 data [59]. C2, C3, C4, C5, C6,
and C7 are 0.1511, 0.1973, 0.3283, 0.3407, −0.7117, and −0.4559, respectively [72]. T10 and
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T11 are the at-satellite brightness temperatures (K) of the thermal infrared bands B10 and
B11, which can be calculated from metadata. A and B are parameters. The detailed LST
calculation method was described by Chi et al. [81].

IBM SPSS 18 software was used to analyze the simple correlations between NPP and
NDVI, SI, LSW, IBI, BSI, and LST, to reveal the correlations between NPP and various
RS-based impact factors in different years and seasons. A correlation was defined as weak,
moderate, or strong when the absolute value of the correlation coefficient was ≤0.3, >0.3
and ≤0.6, and >0.6, respectively.

3. Results
3.1. NPP Temporal Variation Characteristics

Based on NPP estimation (Figure 4), mean NPP in the study area showed a character-
istic trend over the last 30 years of an initial rise and then a slow decline, while the total
NPP tended to gradually increase. Mean NPP increased significantly between 1995 and
2007. In the summers of 1988, 1995, 2007, and 2017, mean NPP was 50.44, 51.07, 58.40, and
57.30 g C·m−2·month−1, and total NPP was 63.11, 67.20, 80.94, and 84.06 Gg C·month−1,
respectively. In 2016–2017, mean and total NPP showed significant seasonal differences.
They were much higher in the summer than in other seasons, as shown by total summer
NPP accounting for approximately 60% of the annual NPP, followed by autumn (26.11%)
and spring (10.78%). In the winter, mean and total NPP were lowest, accounting for
only 3.39%.
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3.2. Characteristics and Changing Trends of NPP Spatial Distribution

NPP showed significant spatial heterogeneity in all years and seasons (Figures 5 and 6).
In 2016–2017, among the different land-cover types (Tables 2 and 3), mean NPP was highest
in wetland vegetation, followed by farmland and woodland, while it was significantly
lower in other land-cover types. Farmland had the highest total NPP, followed by wood-
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land and wetland vegetation, and total NPP of other land-cover types was relatively low.
In the last 30 years, mean and total NPP initially decreased and then increased in wetland
and gradually increased in farmland, while they decreased, increased, and decreased again
in woodland. NPP of wetland, farmland, and woodland varied greatly between different
seasons; in summer, it was much higher than in other seasons. Furthermore, wetland vege-
tation mean NPP seasonal differences were more significant than other land-cover types.

NPP estimation of both protected and unprotected areas (Tables 2 and 3) revealed that,
except for 1988, when mean NPP of the core protected areas was significantly higher than
in the ordinary protected areas and unprotected areas, mean NPP of the core protected
areas was lower overall than in those areas from 1995 to 2017. In the last 30 years, mean
NPP in core protected and ordinary protected areas showed a change pattern of falling,
rising, and then falling again. NPP decline in core protected areas was more drastic than in
ordinary protected areas during 1988–1995. Moreover, mean NPP in the unprotected areas
increased steadily. In the different seasons of 2016 to 2017, mean NPP of core protected areas
were significantly lower than ordinary protected areas and unprotected areas; however,
mean NPP in protected and unprotected areas showed basically the same change patterns,
although differences were more significant in summer. Due to the large difference in area
covered, total NPP in unprotected areas was much higher than that in ordinary protected
and core protected areas. In the last 30 years, total NPP maintained the same basic change
trend as mean NPP in both protected and unprotected areas and continuously increased in
the unprotected areas.

Mean annual NPP was 287.84 g C·m−2·a−1, and total NPP was 422.32 Gg C·a−1 in
the study area from 2016 to 2017. Total farmland NPP accounted for 53.75%, followed by
woodland, wetland, and building land, which accounted for 17.09%, 16.93%, and 9.85%,
respectively. The study area was divided into five categories based on the NPP level
(Figure 7), and their sizes ranked in the order: high-productivity areas (25.90%), extremely
high-productivity areas (21.74%), low-productivity areas (18.68%), moderate-productivity
areas (17.87%), and extremely low-productivity areas (15.80%) (Figure 6). Among the
different land-cover types, wetland vegetation was mostly distributed in extremely high-
and high-productivity areas, and some of the newly developed wetlands in Dongtan were
located in the extremely low-productivity areas. Most of the farmland and woodland
were located in high- and moderate-productivity areas. The remaining types were mostly
distributed in low- and extremely low-productivity areas.

Table 2. NPP results of different land-cover and protected area types in the last 30 years.

Items
Mean Value/(g C·m−2·month−1) Total Amount/(Gg C·month−1)

1988 1995 2007 2017 1988 1995 2007 2017

Wetland vegetation 108.25 75.52 107.39 110.00 16.38 9.36 13.58 16.01
Mudflat 7.51 3.71 7.49 2.18 0.19 0.06 0.04 0.01

Woodland 75.71 73.41 90.04 58.87 12.74 11.69 15.15 13.70
Farmland 39.89 52.70 57.51 60.86 30.09 37.88 41.32 44.24
Water area 20.46 30.27 25.53 19.10 0.33 0.60 0.86 1.01

Pond 17.99 15.18 18.33 16.56 1.04 1.60 1.66 0.70
Building land 28.86 34.47 34.02 31.75 2.35 6.02 8.18 8.11

Traffic land 9.18 7.08 32.70 42.53 0.00 0.00 0.13 0.25
Industrial land 0.00 0.00 8.06 8.24 0.00 0.00 0.02 0.02

Core protected areas 133.77 6.37 57.84 36.64 1.71 0.05 1.18 1.12
Ordinary protected areas 80.67 43.22 96.28 63.54 1.20 1.23 4.72 4.04

Unprotected areas 49.86 51.47 56.84 57.40 61.74 65.91 75.03 78.89
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Table 3. NPP results of different land-cover and protected area types in different seasons and the whole year in 2016–2017.

Items

Mean Value Total Amount

g C·m−2·month−1 g C·m−2·a−1 Gg C·month−1 Gg C·a−1

Spring Summer Autumn Winter Whole
Year Spring Summer Autumn Winter Whole

Year

Wetland vegetation 11.23 110.00 39.58 2.89 491.11 1.63 16.01 5.76 0.42 71.48
Mudflat 0.32 2.18 1.08 0.02 10.79 0.00 0.01 0.00 0.00 0.04

Woodland 12.27 58.87 28.25 3.96 310.07 2.86 13.70 6.57 0.92 72.17
Farmland 11.86 60.86 27.67 3.69 312.24 8.62 44.24 20.12 2.68 226.98
Water area 3.86 19.10 7.78 1.17 95.75 0.20 1.01 0.41 0.06 5.06

Pond 3.53 16.56 7.48 0.86 85.30 0.15 0.70 0.32 0.04 3.60
Building land 6.49 31.75 13.54 2.46 162.72 1.66 8.11 3.46 0.63 41.58

Traffic land 9.33 42.53 18.30 3.53 221.05 0.05 0.25 0.11 0.02 1.29
Industrial land 1.55 8.24 1.63 0.36 35.34 0.00 0.02 0.00 0.00 0.10

Core protected areas 2.54 36.64 11.40 0.10 152.07 0.08 1.12 0.35 0.00 4.66
Ordinary protected areas 9.70 63.54 23.92 2.26 298.27 0.62 4.04 1.52 0.14 18.98

Unprotected areas 10.54 57.40 25.38 3.37 290.04 14.49 78.89 34.88 4.63 398.68
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3.3. Correlation Analysis of Main Influencing Factors

Simple correlation analysis showed that NPP and NDVI were strongly positively
correlated (p < 0.01), as evidenced by correlation coefficients >0.7 in all study years and
seasons (Table 4). The correlation between NPP and LSW increased overall from weak in
1988–2007 to moderate in 2016–2017 (except for the winter). NPP was strongly negatively
correlated with SI (p < 0.01), weakly or moderately negatively correlated with IBI and LST,
and moderately or strongly negatively correlated with BSI, indicating that NPP was lower
when soil salinity, aridity, and temperature were higher.

NDVI was moderately or strongly negatively correlated with SI; its correlation with
BSI was moderately negative in summer, slightly negative in winter, and strongly negative
in spring and autumn (Table 5). Moreover, the correlation between NDVI and IBI was
overall weakly negative but strongly negative in the spring of 2016–2017 and moderately
negative in the autumn of 2016–2017. Overall, NDVI was weakly correlated with LST
and LSW.

SI was moderately positively correlated or strongly positively correlated with IBI and
LST and extremely positively correlated with BSI, as evidenced by correlation coefficients
>0.6 in all study years and seasons and even reached 0.8 or higher in some years and
seasons. Additionally, SI was moderately negatively correlated with LSW overall, with a
correlation coefficient <−0.4 in all study years and seasons.

LSW was strongly negatively correlated with IBI and BSI. LSW and LST were strongly
negatively correlated in summer and autumn, and moderately negatively correlated in
spring and winter.

IBI was strongly positively correlated with BSI, with a correlation coefficient >0.8.
IBI and LST were strongly positively correlated in summer and autumn, and moderately
positively correlated in spring and winter. BSI and LST were strongly or moderately
positively correlated.

Table 4. Correlation coefficients of NPP with NDVI, SI, LSW, IBI, BSI, and LST.

Year NDVI SI LSW IBI BSI LST

Summer 1988 0.810 ** −0.506 ** 0.012 ** −0.214 ** −0.495 ** −0.335 **
Summer 1995 0.770 ** −0.521 ** 0.007 ** −0.136 ** −0.444 ** −0.251 **
Summer 2007 0.752 ** −0.506 ** 0.153 ** −0.268 ** −0.520 ** −0.300 **

Spring 2016–2017 0.859 ** −0.679 ** 0.376 ** −0.688 ** −0.759 ** −0.239 **
Summer 2016–2017 0.731 ** −0.615 ** 0.352 ** −0.448 ** −0.665 ** −0.400 **
Autumn 2016–2017 0.808 ** −0.528 ** 0.449 ** −0.566 ** −0.701 ** −0.443 **
Winter 2016–2017 0.820 ** −0.501 ** 0.136 ** −0.357 ** −0.488 ** −0.008 **

**: p < 0.01.

Table 5. Correlations between NPP, NDVI, SI, LSW, IBI, BSI, and LST.

Year Items NPP NDVI SI LSW IBI BSI LST

Summer
1988

NPP 1 0.810 ** −0.506 ** 0.012 ** −0.214 ** −0.495 ** −0.335 **
NDVI 1 −0.580 ** −0.141 ** −0.142 ** −0.504 ** −0.066 **

SI 1 −0.465 ** 0.589 ** 0.831 ** 0.543 **
LSW 1 −0.905 ** −0.753 ** −0.664 **
IBI 1 0.896 ** 0.604 **
BSI 1 0.592 **
LST 1

Summer
1995

NPP 1 0.770 ** −0.521 ** 0.007 ** −0.136 ** −0.444 ** −0.251 **
NDVI 1 −0.710 ** −0.094 ** −0.136 ** −0.573 ** −0.233 **

SI 1 −0.372 ** 0.585 ** 0.855 ** 0.586 **
LSW 1 −0.905 ** −0.720 ** −0.739 **
IBI 1 0.866 ** 0.757 **
BSI 1 0.754 **
LST 1
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Table 5. Cont.

Year Items NPP NDVI SI LSW IBI BSI LST

Summer
2007

NPP 1 0.752 ** −0.506 ** 0.153 ** −0.268 ** −0.520 ** −0.300 **
NDVI 1 −0.597 ** −0.021 ** −0.141 ** −0.523 ** −0.193 **

SI 1 −0.484 ** 0.632 ** 0.811 ** 0.619 **
LSW 1 −0.920 ** −0.801 ** −0.773 **
IBI 1 0.896 ** 0.780 **
BSI 1 0.752 **
LST 1

Spring
2016–2017

NPP 1 0.859 ** −0.679 ** 0.376 ** −0.688 ** −0.759 ** −0.239 **
NDVI 1 −0.612 ** 0.280 ** −0.691 ** −0.773 ** −0.047 **

SI 1 −0.484 ** 0.643 ** 0.711 ** 0.392 **
LSW 1 −0.873 ** −0.810 ** −0.567 **
IBI 1 0.986 ** 0.428 **
BSI 1 0.389 **
LST 1

Summer
2016–2017

NPP 1 0.731 ** −0.615 ** 0.352 ** −0.448 ** −0.665 ** −0.400 **
NDVI 1 −0.626 ** 0.068 ** −0.220 ** −0.587 ** −0.157 **

SI 1 −0.568 ** 0.678 ** 0.850 ** 0.588 **
LSW 1 −0.925 ** −0.812 ** −0.816 **
IBI 1 0.896 ** 0.778 **
BSI 1 0.730 **
LST 1

Autumn
2016–2017

NPP 1 0.808 ** −0.528 ** 0.449 ** −0.566 ** −0.701 ** −0.443 **
NDVI 1 −0.564 ** 0.333 ** −0.508 ** −0.719 ** −0.284 **

SI 1 −0.433 ** 0.574 ** 0.651 ** 0.199 **
LSW 1 −0.922 ** −0.853 ** −0.685 **
IBI 1 0.952 ** 0.661 **
BSI 1 0.627 **
LST 1

Winter
2016–2017

NPP 1 0.820 ** −0.501 ** 0.136 ** −0.357 ** −0.488 ** −0.008 **
NDVI 1 −0.301 ** −0.130 ** −0.070 ** −0.250 ** 0.327 **

SI 1 −0.453 ** 0.478 ** 0.636 ** 0.307 **
LSW 1 −0.906 ** −0.888 ** −0.445 **
IBI 1 0.951 ** 0.386 **
BSI 1 0.330 **
LST 1

**: p < 0.01.

4. Discussion
4.1. NPP Estimation Results
4.1.1. The Driving Factors for the Temporal Variations of NPP

First stage (1988–1995): Before 1995, Chongming Island development was oriented
toward building an “agricultural island” characterized by industrial development based
on its unique resource advantages. Therefore, the government focused on the construction
of eight large farms and developed many offshore aquaculture ponds and much inner
island farmland, resulting in the decline of wetland vegetation and woodland area [51].
Additionally, intense agricultural activities along with massive building and infrastructure
construction intensified landscape fragmentation. Meanwhile, the island area increased by
approximately 63.20 km2 from 1988 to 1995, an average annual expansion of 9.03 km2, and
new mudflats and wetlands formed on the island’s east and north shores, which improved
the ecological conditions. Under the impacts of human activities and natural scouring and
siltation processes, Chongming Island mean NPP increased slowly, and the total NPP also
showed a certain increase.
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Second stage (1995–2007): After 1995, Chongming Island gradually explored different
paths for ecological development and reoriented its development to building an “ecological
island”. In 1998, Shanghai established Chongming Dongtan Nature Reserve in the Chong-
ming Dongtan area, which was upgraded to a National Nature Reserve in 2005. In 2001,
the Shanghai Municipal Government defined the functional orientation of Chongming
“ecological island” and implemented a series of ecological restoration measures, including
wetland vegetation restoration, optimization of plantation species, green energy utilization,
and soil salinization control in both protected and unprotected areas [82]. The 2005 edition
of the “2005–2020 Overall Plan for Chongming Three Island” clarified the development goal
as making a “modern ecological island zone”, further accelerating the pace of ecological
construction [51]. From 1995 to 2007, Chongming Island area increased by approximately
71.89 km2, with an average annual expansion of 5.99 km2. This growth was slower than in
the first stage, but it was still fast, as the construction of reservoirs in the upper reaches
of the Yangtze River and the return of cultivated land to forest and grassland reduced the
amount of muddy and sandy sediments in the rivers entering the sea [83,84]. However, to
prevent erosion, resist flooding, and increase cultivated land area, much cultivated land
was reclaimed, and embankments and dams were built in the rivers, lakes and wetlands
along the shoreline [83,85]. Ecological construction and island contour changes promoted
a rapid and substantial increase in mean and total NPP in this stage.

Third stage (2007–2017): After 2007, Chongming Island strengthened its measures
for ecological protection, pollution treatment, and ecological habitat conservation. Na-
ture reserves, including Xisha Wetland and Dongtan Wetland Park, were built, and two
core water sources, the Qingcaosha Reservoir and Dongfeng Xisha Reservoir, became
operational, which significantly strengthened the ecological foundation of Chongming
Island [86]. Meanwhile, an ecological concept was introduced into agricultural activities
and urban construction. After 2016, the construction of the island was transformed and
promoted in a comprehensive way, and the development goal of making it a “world-class
ecological island” was formally proposed in the Chongming District 13th Five-Year Plan.
During this period, the expansion of the Shanghai metropolitan region to the suburbs began
to have a negative impact on the ecology and natural resources of Chongming Island. Some
water bodies became eutrophic, and soil metal content at some sites exceeded safe limits. To
limit the negative impact of Shanghai’s expansion on Chongming Island, the new “Master
Plan and General Land-use Plan of Chongming District, Shanghai, 2017–2035” emphasized
the overall goal of negative growth of planned construction land and called for strict
adherence to the bottom lines of population size, land resources, ecological environment,
and urban security to achieve sustainable development. It required a slowdown of traffic
developmental scale, narrowing of roads, and widening of road greenbelts. Additionally,
it proposed the goal of building an ecological industrial system on Chongming Island
based on modern agriculture, guided by tourism services, dominated by an innovative
economy, and supported by green and intelligent manufacturing [51]. In 2007–2017, due
to an increase in sediments from the Yangtze River and human factors such as reservoir
construction, reclaiming coastal land for farmland, reclaiming land from the sea, and port
construction, the total island area increased by 79.20 km2, an average annual increase of
7.92 km2. The marked change in the area occurred mostly in the Dongtan area and north
bank of Chongming Island [83]. During this stage, large-scale afforestation generated a
large amount of new forest that had a low NPP, causing the mean NPP of Chongming
Island to slightly decrease. However, under the joint impact of various factors, including
island area change, land-cover type changes, and vegetation growth status, Chongming
Island total NPP increased during this stage.

4.1.2. Seasonal Differences in NPP between Chongming Island and Other Areas

The calculations show that NPP varied significantly between different seasons, as
evidenced by total summer NPP approximately 17 times higher than in winter. These sea-
sonal differences on Chongming Island were similar to those of the Yellow River Delta [65]
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but significantly smaller than those of the Miaodao Archipelago (rocky islands), where
the total NPP in summer was approximately 60 times that in winter [49]. NPP seasonal
difference is mainly related to land-cover characteristics, climate, and geographical at-
tributes. On Chongming Island and the Yellow River Delta, farmland accounts for the
largest proportion and even determines the overall characteristics and NPP seasonal vari-
ation to some extent. Furthermore, crops are planted on farmland even in winter, which
can reduce the seasonal differences to some extent. In Miaodao Archipelago, planted
forest is the main land-cover type, with Pinus thunbergii Parl. and Robinia pseudoacacia
Linn. as the main dominant species, and a considerable number of deciduous forests
are also included [49,50]. Therefore, winter productivity is low, thus increasing seasonal
differences. Additionally, both Miaodao Archipelago and the Yellow River Delta have a
warm-temperate continental monsoon climate with an annual average temperature near
12 ◦C and annual average precipitation of only half that of Chongming Island. Vegetation
growth depends mainly on rainfall because there is almost no external water source or
runoff in Miaodao Archipelago [50], while the Yellow River Delta receives some water
from the Yellow River. Chongming Island has a northern subtropical oceanic monsoon
climate, and its average temperature and rainfall were higher than those of Miaodao
Archipelago and the Yellow River Delta. Although the temperature and rainfall change
seasonally [21,54], Chongming Island, a typical alluvial island, receives water from the
Yangtze River. Therefore, NPP seasonal difference on Chongming Island is significantly
less than the Miaodao Archipelago but similar to the Yellow River Delta.

4.1.3. Comparison of Mean NPP between Chongming Island and Other Areas

We compared the mean Chongming Island NPP calculated in this paper with other
studies in China using the same method (Table 6) [30,49,50,65,67,87–96]. Mean Chong-
ming Island NPP was 287.84 g C·m−2·a−1, slightly lower than the estimated value of
294.38 g C·m−2·a−1 of the Yellow River Delta wetland, where P. australis is also the domi-
nant species. In the Yellow River Delta, wetland vegetation accounted for up to 25.1% of
the land area [65] and improved the overall mean NPP in 2016. On Chongming Island,
farmland accounted for the highest proportion and wetland vegetation accounted for only
9.91% in 2016, which, combined with more extensive urbanization, led to a lower mean
NPP than the Yellow River Delta. Compared to rocky islands, Chongming Island had a
lower mean NPP than the five northern (399.34 g C·m−2·a−1), and five southern Miaodao
Archipelago islands (340.19 g C·m−2·a−1). This difference can be attributed to differences
in human development intensity between the different types of islands. In the rocky islands
of the Miaodao Archipelago, where the terrain is uneven and complex, human activities are
concentrated in some areas that have a flat terrain and are next to the sea. The landscape
type is mainly woodland, and various planted forests, especially those of Pinus thunbergii
Parl., have higher NPP [49,50]. On Chongming Island, flat terrain and fertile soil make the
island highly suitable for development, leading to relatively high proportions of farmland
and construction land. According to our results, the natural wetland vegetation area of
Chongming Island had a higher NPP, and the artificial landscapes, such as farmland and
planted forests, had a lower NPP than natural areas. Overall, human activity has lowered
Chongming Island NPP. Compared to the continental ecosystems of China, the mean NPP
on Chongming was lower than national mean values of 324 g C·m−2·a−1, 342 g C·m−2·a−1,
and 393.75 g C·m−2·a−1 reported in different studies. Using Yangtze River Basin area as an
example, the mean NPP on Chongming was higher than in Qinghai and Tibet but lower
than in Sichuan and Chongqing in the upper basin; it was also lower than in Hubei, Anhui,
and Jiangsu in the middle and lower basin areas.
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Table 6. NPP estimation results in different areas.

Study Areas NPP/(g C·m−2·a−1) Data Sources

Chongming Island 287.84 This paper
Yellow River Delta 294.38 [65]

Five southern islands of the Miaodao Archipelago 340.19 [49]
Five northern islands of the Miaodao Archipelago 399.34 [50]

Nationwide
324.00 [67]
342.00 [87]
393.80 [88]

Qinghai 173.28 [89]
Tibet (Lhasa River Basin) 165.61 [90]

Tibet (Tibetan Plateau)
120.80 [91]
232.25 [30]

Sichuan 303.27 [92]
Chongqing 500.45 [93]

Hubei 531.47 [94]
Anhui 321.86 [95]
Jiangsu 569.28 [96]

4.1.4. Analysis of the Spatiotemporal Characteristics of NPP of Different Vegetation
Cover Types

Phragmites australis is the most common species of the island’s wetland vegetation,
and it is generally distributed above the high-tide zone where it has become the dominant
community. Scirpus mariqueter, also a native species, forms the main community below
the high-tide zone. Additionally, the alien species Spartina alterniflora is also relatively
common in the study area and is mixed with the above two native species or is dominantly
distributed and expands rapidly in the mudflats outside the embankment [64,85]. In the
last 30 years, mean wetland vegetation summer NPP was close to 110 g C·m−2·month−1 in
most years. However, it was at a low level of 75.52 g C·m−2·month−1 in the 1995 summer
because abundant water and sediment from the Yangtze River led to a rapid expansion
of the study area, and the poor environment limited the growth and development of new
wetland vegetation on the coastal side of the newly formed land during 1988–1995. In
2016–2017, mean wetland vegetation NPP in the study area was 491.11 g C·m−2·a−1 and
showed significant seasonal differences because of high solar radiation and suitable water
and temperature conditions for summer vegetation growth, which increased the level
of vegetation photosynthesis and respiration and raised the contribution of the summer
NPP to 67% of the annual NPP. These findings indicate the high carbon sequestration
capacity of wetland vegetation and confirm the important value of wetland vegetation on
Chongming Island as a blue carbon source in coastal zones. However, the mean wetland
vegetation NPP was still lower than in similar areas (570.28 g C·m−2·a−1) obtained by using
the same method [65]. This difference may be attributed to the high diversity of habitat
types and significant spatial variations of wetland vegetation in the Yellow River Delta.
In habitats distant from the coast and close to the banks of the Yellow River, relatively
abundant freshwater supply and low soil salinity result in concentrated and wide-ranging
mesophytic and hydrophytic vegetation [97]. However, in areas close to the low-lying
beach, only a few salt-tolerant plants, such as Suaeda salsa, can survive under the strong
impact of sea water and resulting high soil salinity [98,99]. Relatively speaking, wetland
vegetation such as Phragmites australis mostly grows in the area below the embankments
on Chongming Island and is strongly affected by oceanic factors, thereby reducing the
productivity of wetland vegetation to a certain extent.

Mean farmland NPP was 312.24 g C·m−2·a−1, lower than that of wetland vegetation.
However, we believe that Chongming Island farmland already possesses a considerable
carbon sequestration capacity for various reasons. First, soil salinization has become a
common issue on Chongming Island. Second, the mean and total NPP of farmland in the
study area have been increasing in the last 30 years, and total farmland NPP accounted for
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53.75% of total NPP in the study area in 2016–2017. Nevertheless, due to the destruction
of the original wetland ecosystem, farmland reclamation has resulted in destruction of
wetland vegetation, loss of biological habitats, and fragmentation of natural landscapes.
Therefore, it is not a typical blue carbon sink in a strict sense. Overall, farmland can be
considered a “secondary blue carbon sink” because it has a high carbon sequestration
capacity and carbon sink potential and can play an important role in balancing ecological
protection and land development/utilization [65,100].

On Chongming Island, native forests are poorly developed, and existing forests are
mostly planted. At the end of the 1950s, in response to the call to prioritize forestry
construction in the first Five-Year Plan of the state, extensive planting and afforestation
projects were initiated on Chongming Island. The construction of island-sheltering forest
belts and forests on both sides of the backbone rivers, which mostly included thriving local
tree species such as Metasequoia glyptostroboides Hu et W. C. Cheng, Cryptomeria japonica
var. sinensis Miquel and Ulmus pumila Linn., increased forest cover rapidly. Overall,
however, Chongming Island has only scattered woodland and lacks large-scale woodland
areas except for Dongping Forest Park [101]. The coming of the 21st century brought new
historical opportunities for the island. In accordance with the overall plan for developing an
ecological island, Chongming County has taken a series of measures since 2003 to accelerate
the “leap-forward” development of forestry. It initiated engineered afforestation and issued
a number of policies to encourage the development of forestry and motivate people to
participate in afforestation and greening. Consequently, the total amount of forest resources
increased significantly, which effectively improved the ecology, conserved water resources,
and beautified the environment on Chongming Island [101]. Nevertheless, Chongming is
an agricultural island where the growth of forest resources has been dominated mostly by
the development of economic forests for a long time, bringing a certain amount of wealth
to farmers. However, the development of economic forest is easily affected by the market,
which has poor stability, leading to the growth and decline of forest resources [101,102]. We
confirmed this finding, showing that total woodland NPP fluctuated significantly between
1988 and 2007 and mean woodland NPP overall was lower than wetland vegetation but
significantly higher than farmland. Recently, as the government further emphasized the
importance of the ecological environment and clarified the direction of its developmental
strategy, a near-natural way starting from small areas, multiple species, and multiple scales
has been adopted to build ecological public-welfare forests. Much effort was therefore
devoted to the goal of building Chongming Island into an ecological island. Afforestation
measures have focused on forming large-scale forest groups and have used roads, water
systems, and coastal forest belts as a framework to further improve the structure of the
forest ecosystem [51]. However, large-scale planting has created a large amount of young
forest, causing the mean woodland summer NPP and during the whole 2016–2017 year to
be 58.87 g C·m−2·month−1 and 310.07 g C·m−2·a−1, respectively, lower than farmland.

Building, traffic, and industrial lands are mostly hardened surfaces, but they also
generate a certain amount of NPP because they are mostly mixed with farmland, wood-
land, and wetland and are under an increasingly strict requirement of building and road
greening as ecological island development is promoted. For various reasons, such as the im-
provement of rural housing conditions and adjustment of land and economic policies [103],
rural residential areas have become more scattered and widespread on Chongming Island
over the last 30 years. The idea of dismantling villages and merging and relocating rural
populations toward cities/towns was not really promoted [51]. Consequently, building
land has been expanding on the island, and its total NPP increased overall. The mean
and total NPP of traffic land have also been greatly improved in recent years because
both the transportation system toward the outside of the island and the backbone road
network inside the island was continuously improved and roads became more organically
integrated with ecological landscapes. Because traditional industrial development is not
aligned with the direction of ecological development, the expansion of industrial land has
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been strictly controlled in the last 30 years [51], leading to low or even negligible mean and
total NPP.

In 1988–1995, artificial dams and embankments transformed a large area of tidal flats
in the east and north of the island into aquaculture ponds and cultivated land. Pond
area increased significantly and expanded on a large scale. This change also reflected the
adjustment of the island’s first industrial structure, i.e., increasing the proportion of high-
value-added agricultural products to ensure income for local residents and to promote
economic development [103]. From 1995 to 2007, aquaculture ponds increased due to
embankment in the eastern portion and decreased from the original scale in the northern
portion of the island, while, in the central portion, the ponds were distributed in a sporadic,
patchy pattern and showed a developmental trend from large- to small-scale ponds. In
2007–2017, as the “Three, One, and Two” ideology for Chongming industrial development
was implemented, the area of aquaculture ponds decreased significantly [103], leading to a
changed pattern of an increase followed by a decrease in total pond NPP in the last 30 years.

Mudflats were mainly distributed in the Dongtan area of Chongming Island in the
last 30 years. The shore area increased at a certain rate every year in this area, due to
sediment deposition from the Yangtze River estuary, but the area of mudflat decreased
year by year under the influence of artificial siltation-promoting enclosures [104], resulting
in a decline in total NPP. However, the amount of water area gradually increased in the last
30 years, which raised the total NPP in the waters. The main reason for this increase was
that Chongming Island focused on protecting and restoring lakes and rivers, strengthened
the measures for water improvement, and promoted ecological restoration. Moreover, it
comprehensively improved river values in multiple respects, including flood control and
drainage, ecological landscape, sightseeing and leisure, and agricultural irrigation [51].

4.1.5. Comparison of the Spatiotemporal Pattern of NPP between Protected and
Unprotected Areas

Some differences in NPP occurred between the protected and unprotected portions
of the study area, which were determined by the type of surface coverage and vegetation
growth status under the impacts of natural and human factors. The core protected areas,
which are closer to the sea, include a high proportion of waters and mudflats. Additionally,
the supporting projects for wetland restoration areas were launched in the core protected
areas. Although the core protected areas had a much lower mean vegetation NPP than
the ordinary protected areas, they played a significant role in maintaining the stability
of the wetland ecosystem in the protected area. The ordinary protected areas had more
wetland vegetation, so had higher NPP than the core protected areas and unprotected
areas. In the last 30 years, under the combined impacts of sediment input from the Yangtze
River, island expansion, protected area establishment, and artificial ecological restoration
measures, mean NPP of the core protected areas and ordinary protected areas initially fell,
then rose, then fell again. The unprotected areas included mostly farmland and woodland,
and their mean and total NPP continuously increased with the progression of ecological
island construction.

4.2. Intrinsic Correlations of NPP with Spatial Heterogeneity Parameters

NDVI, which reflects vegetation growth status and cover, is the most important factor
influencing NPP [50]. NDVI is also the main parameter for calculating NPP in the CASA
model. Hence, NDVI is highly positively correlated with NPP [50]. Due to the ease of its
acquisition from RS data, NDVI can be used as an important indicator for long-term NPP
monitoring on islands.

In addition to vegetation coverage, land surface humidity and heat reflect ground
conditions to a certain extent and have a significant impact on the formation of the regional
climate, which is most closely related to plant growth [52,76]. LSW and LST represent the
soil water and thermal conditions, respectively, which can affect NPP. In different regions,
periods, and ecological conditions, NPP responds differently to land surface humidity and
temperature. NPP and the humidity indicator LSW were weakly positively correlated
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from 1988 to 2007 and more strongly correlated afterwards. The correlation coefficient was
>0.3 in the spring, summer, and autumn of 2016–2017. Generally, the main meteorological
factors affecting surface humidity are precipitation, temperature, air humidity, and ground
wind speed, and, among them, precipitation is the most important. In the 1980s, and late
1990s, Chongming Island experienced abundant rainfall and high surface humidity, which
was conducive to plant growth [57]. After 2000, due to a decrease in precipitation and the
decline of inflow water from the Yangtze River caused by the construction of upstream
reservoirs [83,84], soil humidity gradually became a limiting factor for vegetation growth,
thus showing an increasingly closer correlation with NPP. Overall, NPP was negatively
correlated with LST, and the correlation was generally enhanced in the summer. This
indicates that the LST increase might increase evaporation or affect soil bioactivity [105,
106], which is not conducive to vegetation growth. However, the increasing correlation
between LST and NPP indirectly shows that the average temperature on Chongming was
rising under the influence of global warming [57]. Furthermore, continuously intensified
urbanization led to an expansion of impermeable ground surface and an increase in
LST spatial heterogeneity. Conversely, vegetation can prevent water evaporation and
play a positive role in maintaining the distribution patterns of regional soil temperature
and humidity [107].

Soil salinization, a significant ecological problem commonly seen in estuarine areas,
seriously affects soil quality, plant communities, and crop yield, thereby threatening the
health of estuarine ecosystems [108,109]. The results of this study showed that NPP and
NDVI were strongly negatively correlated with soil salinity, indicating that soil factors were
closely related to vegetation status, while good vegetation conditions usually suggested
lower soil salinity. Our results showed that soil salinity was affected by both soil water
content and temperature, which was consistent with the results of related studies [110].
LSW and LST were moderately negatively and strongly positively correlated with soil
salinity, respectively. In particular, soil factors affected vegetation growth more significantly
and caused stronger spatial differences in vegetation growth due to the higher require-
ments of soil quality in spring and summer growing seasons. Therefore, the negative
correlation between NPP and soil salinity was stronger on Chongming Island in the spring
and summer.

NPP was negatively correlated with IBI and BSI, the negative correlation with BSI
being more significant. This finding indicated that human development activities, such
as salt field reclamation, urban construction, and industrial development, damaged vege-
tation cover, increased the LST, caused soil water loss, and increased soil salinity, overall
decreasing NPP. BSI and IBI characterize the degree of soil aridity, which not only di-
rectly affects vegetation photosynthetic performance but also indirectly affects ecosystem
structure and function through other forms of disturbance. Therefore, soil aridity is an
important influence on vegetation NPP [111,112].

5. Conclusions

An estimation model for NPP on Chongming Island, a typical estuarine alluvial island,
was established based on CASA and the actual ecological characteristics of the island. NPP
of different land-cover and protected area types in different years and different seasons in
the study area were estimated using RS and GIS as the main tools. The results showed that
the NPP calculation method constructed in this paper had good applicability in Chongming
Island; affected by natural and human activities, NPP on Chongming Island had annual
fluctuation, seasonal differences, and obvious spatial differentiation. Furthermore, the
correlations of NPP with RS-based ecological indices such as NDVI, SI, LSW, IBI, BSI, and
LST were analyzed. The results indicated that human development activities generally
lead to the decrease of NPP. The specific conclusions are as follows:

(1) In the last 30 years, Chongming Island mean NPP initially increased and then slowly
decreased, while total NPP gradually increased. In 2016–2017, Chongming Island
total NPP was 422.32 Gg C·a−1, with an average density of 287.84 g C·m−2·a−1,
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respectively, which was lower than the national average. Among areas in the Yangtze
River Basin, mean NPP of the study area was higher than in Qinghai and Tibet in
the upper reaches but lower than those of Sichuan and Chongqing in the upper
reaches, and Hubei, Anhui, and Jiangsu in the middle and lower reaches. Total
NPP in spring, summer, autumn, and winter accounted for 10.78%, 59.71%, 26.11%,
and 3.39%, respectively, of the annual NPP. These results corresponded to the first
scientific question of this study.

(2) Under multiple influences of strong sea–land interactions and various human activ-
ities, Chongming Island NPP showed the following spatiotemporal characteristics:
(1) Land-cover types ranked by mean NPP from high to low were in the order: wet-
land vegetation, farmland, woodland, traffic land, building land, waters, ponds,
industrial land, and mudflats. (2) Total NPP was highest in farmland, followed by
woodland, wetland vegetation, and building land, while other land-cover types ac-
counted for only a small proportion. (3) Among the different types of protected areas,
mean NPP of core protected areas was generally lower than unprotected areas and
ordinary protected areas. The ordinary protected areas had more wetland vegetation,
thus they had a higher NPP than the core protected areas and unprotected areas. In
the last 30 years, mean NPP of both core and ordinary protected areas fluctuated,
first decreasing, then increasing, and finally decreasing again. The mean and total
NPP of unprotected areas continuously increased, indicating the beneficial effects
of ecological construction over the island. These results corresponded to the second
scientific question of this study.

(3) Chongming Island vegetation growth status and vegetation cover were the main
factors that positively affected NPP. The effect of soil surface humidity on NPP
increased, and soil salinity, surface temperature, and surface aridity were important
NPP limiting factors. These results corresponded to the third scientific question of
this study.
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