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Abstract: The continuous growth of the economy and population have promoted increasing
consumption of natural resources, and raised concerns regarding the upper limits of the terrestrial
ecosystems with biomass accessible for humanity. Here, human appropriation of net primary
production (HANPP) was employed to assess the influence of human activities on terrestrial net
primary production (NPP), and a detailed method was introduced to simulate the magnitude
and trends of HANPP in the Yangtze River Delta. The results showed that the total HANPP of
the Yangtze River Delta increased from 102.3 Tg C yr−1 to 142.2 Tg C yr−1, during 2005–2015, with
an average of 121.3 Tg C yr−1. NPP changes induced by harvest (HANPPharv) made the dominant
contribution of 79.9% to the total HANPP, and the increase of HANPPharv in cropland was the main
driver of total HANPP growth, which was significantly correlated with the improvement in agricultural
production conditions, such as total agricultural machinery power and effective irrigation area.
The proportion of HANPP ranged from 59.3% to 72.4% of potential NPP during 2005–2015 in
the Yangtze River Delta, and distinguishable differences in the proportions were found among the four
provinces in the Yangtze River Delta. Shanghai had the largest proportion of 84.3%, while Zhejiang
had the lowest proportion of 32.0%.
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1. Introduction

Terrestrial ecosystems are the basic resource for the sustainable development of human society. How
to assess the status and change trends of terrestrial ecosystems objectively and comprehensively has
become one of the key issues related to the sustainable development of human society. The Millennium
Ecosystem Assessment (MA) launched by the United Nations was the first to assess the status and trends
of the world’s ecosystems, and found that 60% of the world’s ecosystem services are in a state of
degradation or unsustainable use [1]. Then, numbers of methods were conducted to assess the ecosystems,
including the indicators evaluation frameworks, i.e., driver–pressure–state–impact–response (DPSIR) [2]
and biophysical measurement methods, i.e., ecological footprint [3], material flow analysis [4], energy
analysis [5], etc. However, it is hard to make comparisons with the results of these methods because of
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their different dimensions. Net primary production (NPP) is the key component of the global carbon
cycle [6], and provides a measurable and unified boundary for terrestrial ecosystems [7]. Extensive
research on NPP has shown that human activities have become the major factor affecting NPP changes [8],
and NPP has been selected as an indicator to assess the impact of human activities on terrestrial
ecosystems [9–12].

Numerous studies have used the difference between potential NPP and actual NPP to assess
the impact of human activities on terrestrial ecosystems. Zika and Erb [13] used this method to
estimate the NPP loss in the process of global dry land degradation caused by human activities.
Xu et al. [14,15] used the trends of the difference between potential NPP and actual NPP to identify
the relative roles of human activities in desertification. This method has also been widely used to assess
the impact of human activities on land degradation or desertification in areas of the Shiyang River
Basin [16–18], Heihe Basin [19], Qinghai-Tibet Plateau [20], Northwest China [21], Xilingol grassland [22]
and agricultural and pastoral transitional zones in northern China [23]. Some studies have further
differentiated the contributions of land conversion and management alternatives to the changes in
NPP in Inner Mongolian grassland [24] and the Loess Plateau grassland [25]. These studies provided
important references for research on the impact of human activities on terrestrial NPP. However, these
methods did not consider the human harvest in NPP losses. Human appropriation of net primary
production (HANPP) provides a way to assess the impact of human activities on terrestrial ecosystems,
considering the difference between potential NPP and actual NPP as well as the impact of human
harvests, it reflects in depth the intensity of land use influenced by human activities [26]. Now,
a number of studies have been conducted to improve the estimation methods [27–32], to analyze
the magnitude, pattern and driving mechanism of HANPP in different countries and regions [33–40],
and to underpin sustainability in delta systems [41].

HANPP was used to measure the impact of human activities on the terrestrial NPP in the Yangtze
River Delta. The aim of this study is to estimate the magnitude and pattern of HANPP in the Yangtze
River Delta, to analyze the trends and driving forces of HANPP from 2005–2015, to reveal the differences
in HANPP between the Yangtze River Delta and different countries and regions with different level of
economic development and technological development, and to discuss the uncertainties in the HANPP
calculation. This study provides deeper insights into the research of sustainable development in
the Yangtze River Delta and will be of great significance for formulating and evaluating the ecological
protection policies for the Yangtze River Delta.

2. Materials and Methods

2.1. Study Area

The Yangtze River Delta is located in the coastal areas of eastern China. As one of China’s most
economically active, open and innovative regions, the Yangtze River Delta boasts strategic significance
in the country’s modernization and further opening. According to the outline of the integrated regional
development plan of the Yangtze River Delta issued in December 2019, the Yangtze River Delta consists
of 4 districts, namely Shanghai, Jiangsu, Zhejiang and Anhui, with a total land area of 358,000 km2,
accounting for approximately 3.7% of China’s total land area. By the end of 2018, the total population
in this area was 225 million, accounting for 16.2% of China’s total population, with a gross domestic
product (GDP) of CNY 21,150 billion, accounting for 23.5% of China’s GDP [42].

The Yangtze River Delta is located in the subtropical monsoon climate zone, where abundant
precipitation and warm temperatures are suitable for vegetation growth, and it is a major grain
crop and economic crop production area in China. The annual average precipitation in this area
is 1011–1630 mm, and the annual average temperature is 16.3–17.5 ◦C [43]. The terrain of this area
is shown in Figure 1. The elevation ranges from −70 m to 1800 m, and ascends from northeast to
southwest. The physiognomy of this area consists of plain, hill and mountain, and plains are widely
distributed in north and east, while hills and mountains are mainly distributed in the southeast
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and southwest. Vegetation cover in this area is mainly cultivated crops and forest. However, the spatial
distribution of land use and land cover in the Yangtze River Delta varies distinctly from south to
north. Forestland is the dominant land use type in Zhejiang, and Jiangsu is dominated by cropland,
while Shanghai has a high proportion of construction land. Owing to the diversified land use types
and different economic conditions, it is representative to study the impact of human activities on
terrestrial NPP in the Yangtze River Delta.

Figure 1. The geographical locations and topography of the Yangtze River Delta

2.2. Defintion and Calculation of Human Appropriation of Net Primary Production (HANPP)

HANPP is an integrated socio-ecological indicator to quantify human domination of ecosystems,
and assess the extent of human activities affecting NPP in ecosystems. The use of different definitions
of HANPP in different studies explains the large range of HANPP results [26]. We defined HANPP
based on the method outlined in Haberl et al. [28], which is the basis for most of the relative studies.
In this definition, HANPP can be calculated by the sum of productivity changes resulting from land
conversion and land use (HANPPluc) and harvest (HANPPharv), or by subtracting the remaining NPP
in the ecosystem after human appropriation (NPPeco) from the NPP of potential vegetation without
human interference (NPPpot). HANPPluc was calculated by subtracting the NPP of the actual prevailing
vegetation (NPPact) from NPPpot. The equations are as follows.

HANPP = NPPpot −NPPeco= HANPPluc + HANPPharv (1)

HANPPluc = NPPpot −NPPact (2)

2.3. Estimation of HANPPharv

HANPPharv denotes all types of biomass harvested or destroyed during harvest within one
year. HANPPharv in our estimation included harvest through crop harvest, wood harvest, grazing,
and harvest in construction land. As human-induced fire is rare in the Yangtze River Delta, NPP for
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burning biomass was assumed to be zero. HANPPharv of different land use types are given in gram
carbon per year (g C year−1), and 1 gram dry matter biomass generally equals 0.45 g C.

(1) The biomass harvest from cropland consisted of primary crops, crop residues and belowground
NPP. The fresh weight of crop production was converted into dry matter by using crop-specific
water content. Crop residues were extrapolated from the crop-specific harvest indices. Belowground
NPP was assumed to be destroyed during harvest and calculated using the ratio of belowground to
aboveground NPP:

NPPact_crop =
∑

(Ycrop,i × (1 −MCcrop,i) / HIi × (1+(R/S)i ) ) (3)

where Ycrop is the economic yield of crops, MCcrop is the water content, HI is the harvest index, and R/S
is the ratio of belowground to aboveground NPP. Details about the MCcrop, HI and R/S of different
crops can be found in the literature [28].

(2) The biomass harvest from forest was calculated based on wood and bamboo production,
farmers’ self-use of felling and fuel wood. Wood density was used to convert volumes of wood
harvest to dry matter. The recovery rate was used to extrapolate bark and harvest losses from
the harvested volumes. Wood density was assigned as 0.5 t C m−3 according to data on the Asian
Pacific in the literature [28]. The recovery rate of wood and farmers’ self-use of felling was designated
as 0.48, and that of fuel wood was 0.72. The fresh weight of normal bamboo of stump diameter was
designated as 19.2 kg, and the water content of bamboo was designated as 0.44 [44].

HANPPharv_forest = (Ywood × d) / r + Ybamb ×W × (1 - MCbamb) (4)

where Y is the wood or bamboo harvest, d is wood density, r is recovery factor, W is the fresh weight of
normal bamboo of stump diameter, and MCbamb is the water content of bamboo.

(3) The biomass harvest from grassland was estimated as the difference between livestock feed
demand and feed supply. Owing to the lack of robust information on commercial or supplementary
feeds, we assumed that the feed supply of grassland was equal to the crop residues used as feed.
The conversion coefficient of crop residues to feed was assumed to be 25% [45]. Feed demand was
calculated separately for 6 livestock species, i.e., cattle and buffaloes, goats and sheep, horses, asses,
mules, and camels. The yearly production amount of each livestock type was converted into standard
sheep units outlined in Table 1 [46]. Livestock in this study was divided into young livestock and adult
livestock, and the coefficient of adult sheep was 1. Each sheep unit needed 1.8 kg of dry-matter coarse
forage per day.

(4) The biomass harvest from construction land, e.g., biomass harvested during gardening or
infrastructure maintenance, was assumed to be 50% of the aboveground NPPact. The harvest from
unused land was assumed to be zero.

Table 1. The coefficient of one sheep unit for livestock.

Livestock Cow Horse Donkey Mule Camel Sheep

young livestock
adult livestock

2.5 2.5 2 2.5 3.5 0.7
5 5 5 4 7 1

2.4. Estimation of HANPPluc

Annual NPPpot in the Yangtze River Delta was estimated using the Lund–Potsdam–Jena dynamic
global vegetation model (LPJ) [9,47], which is a process-based biogeography-biogeochemistry model.
Compared with empirical models, such as the Miami model [48], Chikugo model [49], Thornthwaite
Memorial model [50], and light-use efficiency model, such as the global production efficiency model
(GLOPEM) model [51], the process-based ecological model fully considered the processes of vegetation
photosynthesis, respiration, and soil organic decomposition and the impact of population competition
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and natural disturbance on vegetation growth. This model could simulate the evolution and replacement
process of vegetation growth, development and extinction and was selected to calculate the NPPpot in
this study.

Annual NPPact can be calculated by light-use efficiency models such as the Carnegie Ames
Stanford Approach (CASA) model [52] or by process-based ecological models such as the process-based
boreal ecosystem productivity simulator (BEPS) model [53], while NPPpot and NPPact estimated in
the same model framework can reduce the uncertainties of HANPPluc [27]. The NPPact of the Yangtze
River Delta from 2005 to 2015 was calculated on the basis of LPJ runs, combined with statistical data
and land use data. The NPPact of different land use types were estimated as below.

(1) The NPPact of cropland was defined as the sum of the harvest for crop production and reharvest
losses due to herbivory and weeds. The harvest for crop production is noted in Section 2.3. The reharvest
losses were estimated as the proportion of the harvest, and the proportion was designated as 0.23
according to that in Asian Pacific data [28].

(2) The NPPact of grassland was estimated by considering the effect of soil degradation on
the corresponding NPPpot. Soil degradation data were obtained from the Global Assessment of
Human-induced Soil Degradation (GLASOD) database. According to the soil degradation degrees 1–4
of GLASOD, NPPact was assumed to be 75%, 55%, 45% and 15% of NPPpot, respectively.

(3) The NPPact of forests was assumed to be equal to the NPPpot, and we did not consider the effects
of forest management on improving forest NPP. The NPPact of unused land was also assumed to be
equal to the NPPpot. The NPPact of construction land was assumed to be one-third of the NPPpot,
and The NPPact of water was assumed to be zero.

2.5. Analysis Methods

2.5.1. Spatial Allocation Methods

NPPact of cropland and HANPPharv of cropland, forestland and grassland were calculated by
the statistical data at the provincial scale. In order to analyze the influence of land use change on
HANPP, the results of NPPact and HANPPharv at a provincial scale were allocated to the grid cells
as follows:

Rai = V
NPPlu,i

n∑
i=1

NPPlu,i

(5)

where V is the HANPPharv or NPPact of the different land use types in different provinces, Ra is the grid
value allocated by V, and NPPlu,i is the grid value of potential NPP or actual NPP. The spatial allocation
of NPPact on cropland to grid cells is based on potential NPP calculated by LPJ. The spatial allocation
of HANPPharv on cropland, forestland and grassland to grid cells were based on the corresponding
actual NPP.

2.5.2. Land Use Transfer Matrix

The land use transfer matrix can be used to describe the mutual transfer process of different land
use types at the start and the end of study period, which can explore the information of land use
changes [54]. The mathematical formula is as follows:

si j =


s11 s12 · · · s1n
s21 s22 · · · s2n

· · · · · · · · · · · ·

sn1 sn2 · · · snn

 (6)

where s is the area of land use; n is the number of land use type; i and j are land use types at the start
and the end of the study period respectively; sij is the area transferring from land use type i to j.
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2.6. Datasets

The dataset used in this study included LPJ-driven data, agricultural statistical data, and land use
and land cover data.

The LPJ model was driven by meteorological data, annual CO2 data, and soil texture data.
Monthly mean meteorological data, including monthly mean air temperature and precipitation
at a spatial resolution of 0.1◦ × 0.1◦ from 2005 to 2015, were derived from the Cold and Arid Regions
Science Data Center [55]. Monthly cloud cover and the number of wet days at a spatial resolution
of 0.5◦ × 0.5◦ were taken from the Climate Research Unit (CRU), University of East Anglia, called
CRU TS3.25 [56,57]. The annual historical global atmospheric CO2 data from 2005 to 2015 were
obtained from the Mauna Loa observatory [58]. The soil texture data were retrieved from the Food
and Agriculture Organization (FAO) soil data set [59]. All the data were interpolated to a resolution
of 1000 m. Details about the model protocol can be found in the paper [60].

Land use and land cover data in the year of 2005, 2010 and 2015, as shown in Figure 2, were taken
from the resource and environment data cloud platform of the Chinese Academy of Sciences called
the remote sensing monitoring data of land use in China [61]. In this study, the land use and land cover
types were classified into cropland, forestland, grassland, water, construction land and unused land,
and the averaged percentages of each land use type in the Yangtze River Delta were 50.7%, 28.8%,
3.3%, 6.5%, 10.7% and less than 0.001%, respectively. Detailed land use structure of the study area is
described in Table 2, and significant differences of the land use structure were found among the four
provinces. Cropland accounted for 66.9% of the total area in Jiangsu, while Zhejiang was dominated
by forestland at a proportion of 64.0%. The proportion of construction land to the total land area
in Shanghai was approximately 32.6%. Cropland and forestland in Anhui accounted for more than
80% of the total land area. Land use change from 2005 to 2015 was characterized as the significant
expansion of construction land. Figure 2d shows the spatial pattern of expanded areas of different land
use types during 2005–2015. The net expanded area of construction land in the Yangtze River Delta
was approximately 6365 km2 (the difference of construction land transfers from other land use types
and to other land use types), with an average annual growth rate of 1.9%. Cropland was the major
source of construction land expansion, and accounted for 87.2% of that, followed by forestland (9.0%)
and water (2.7%). Overall, land use change in the Yangtze River Delta showed the trends of reduction
of cropland and increase of construction land.

Figure 2. Cont.
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Figure 2. Spatial distribution of land use in the Yangtze River Delta in (a) 2005, (b) 2010, (c) 2015
and (d) expansion of different land use types during 2005–2015. The total expanded area of six land use
types (transferred from other land use types) shown in (d) was 7346 km2, and the expanded area of
construction land was 6498 km2, accounted for 88.5% of the total expanded area, followed by water
(4.8%), and cropland (2.8%), grassland (2.7%), forestland (0.7%) and unused land (0.5%) accounted for
very small proportions of the total expanded area. Expanded construction land mainly located in south
of Jiangsu province, Shanghai and north of Zhejiang province.

Table 2. Land use structure of the Yangtze River Delta from 2005 to 2015 (km2).

Province Cropland Forestland Grassland Water Construction Land Unused Land

Jiangsu 67,430 (66.9%) 3386 (3.4%) 789 (0.8%) 12,444 (12.3%) 16,695 (16.6%) 22 (0.0%)
Anhui 79,901 (57.0%) 32,383 (23.1%) 8299 (5.9%) 7332 (5.2%) 12,297 (8.8%) 14 (0.0%)

Shanghai 3809 (61.4%) 100 (1.6%) 8 (0.1%) 266 (4.3%) 2024 (32.6%) 0 (0.0%)
Zhejiang 25,403 (25.1%) 64,855 (64.0%) 2231 (2.2%) 2521 (2.5%) 6219 (6.1%) 82 (0.1%)

Total 176,543 (50.7%) 100,724 (28.8%) 11,327 (3.3%) 22,562 (6.5%) 37,235 (10.7%) 118 (0.0%)

The agricultural statistical data for the 4 provinces in the Yangtze River Delta during 2005–2015
included crop yield, forestry production, and numbers of livestock. Yield data for 12 crops, i.e., rice,
wheat, corn, soybean, potato, peanut, rapeseed, sesame, cotton, jute, sugarcane and vegetables,
were taken from the China statistical yearbook [62]. Forestry production data, including wood
and bamboo production, farmers’ self-use felling and fuel wood, were taken from the China Forestry
Statistical Yearbook [63]. Data on the numbers of both breeding and slaughtered livestock were taken
from the China Agriculture Yearbook [64].

3. Results

3.1. NPPpot, NPPact and HANPPharv

The total NPPpot calculated by LPJ in the Yangtze River Delta changed with fluctuations from
152.3 Tg C yr−1 to 226.7 Tg C yr−1, during 2005–2015, with an average of 194.5 Tg C yr−1. The total
NPPact changed from 148.9 Tg C yr−1 to 183.1 Tg C yr−1 during the same period, with an average of
172.7 Tg C yr−1. The total HANPPharv was, obviously, less than NPPpot and NPPact, ranging from
86.8 Tg C yr−1 to 105.6 Tg C yr−1, and the average value was 97.0 Tg C yr−1. However, the total
HANPPharv was significantly greater than HANPPluc which changed from 9.2 Tg C yr−1 to 36.7 Tg C yr−1.



Sustainability 2020, 12, 1697 8 of 16

As shown in Figure 3a, NPPact and HANPPharv demonstrated gradually increasing trends
from 2005 to 2015, and the increasing rates have been 2.6 and 1.1 Tg C yr−1 respectively,
since 2005. Large interannual variability was exhibited in the estimate of NPPpot, especially in 2011,
when the NPPpot value was at its minimum. The reason for this was that the worst drought event
in the last 50 years occurred in the area of the lower-middle reaches (including Jiangsu and Anhui
provinces) of the Yangtze River [65].

Figure 3. The temporal variation in the total (a) NPPpot and NPPact, (b) HANPPluc and HANPPharv

in the Yangtze River Delta from 2005 to 2015 (Tg C yr−1).

3.2. HANPP in the Yangtze River Delta

The total calculated HANPP in the Yangtze River Delta changed from 102.3 Tg C yr−1

to 142.2 Tg C yr−1, during 2005–2015, with an average of 121.3 Tg C yr−1. HANPP had slightly
increasing trends and has increased at a rate of 1.7 Tg C yr−1 since 2005. HANPPharv contributed
the most (79.9%) to the total HANPP, while HANPPluc only accounted for 21.1% of the total HANPP
(Figure 3b). Cropland made a substantial contribution, which was approximately 83.7%, to the total
HANPPharv, while the proportion of grassland, forestland and construction land that contributed to
the total HANPPharv were nearly equivalent but far less than that of the cropland (Table 3).

The total HANPP accounted for 59.3% to 72.4% of the total NPPpot, with an average of 63.4%,
which showed a fluctuating upward trend in the Yangtze River Delta from 2005 to 2015. The HANPP
efficiency (HANPPharv/HANPP) ranged from 72.1% to 91.6% in the Yangtze River Delta during
2005–2015, and the average HANPP efficiency was 80.4%, with no obvious variation trend.

Table 3. HANPPharv of different land use types from 2005 to 2015 (Tg C yr−1).

Year
Cropland Forestland Grassland Construction Land

Total
Tg C yr−1 % Tg C yr−1 % Tg C yr−1 % Tg C yr−1 %

2005 73.1 84.2% 4.4 5.0% 7.0 8.1% 2.2 2.5% 86.8
2006 78.2 84.3% 4.7 5.1% 6.9 7.4% 2.9 3.1% 92.7
2007 76.6 83.8% 4.8 5.2% 6.7 7.3% 3.3 3.6% 91.5
2008 79.2 83.1% 5.7 5.9% 6.7 7.0% 3.8 4.0% 95.3
2009 80.8 84.0% 4.9 5.1% 6.9 7.2% 3.5 3.7% 96.1
2010 80.4 83.0% 5.6 5.8% 7.1 7.3% 3.7 3.8% 96.9
2011 81.7 84.3% 5.7 5.9% 6.8 7.0% 2.7 2.7% 96.8
2012 83.9 83.9% 5.7 5.7% 6.8 6.8% 3.6 3.6% 100.0
2013 84.1 82.9% 5.7 5.6% 6.9 6.9% 4.7 4.6% 101.4
2014 86.2 83.3% 5.5 5.3% 7.0 6.8% 4.8 4.6% 103.6
2015 87.9 83.3% 5.3 5.1% 7.2 6.8% 5.1 4.8% 105.6
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3.3. Regional Differences in HANPP

Figure 4a shows that Anhui and Jiangsu provinces contributed the most (44.7% and 38.0%)
to the total HANPP, followed by Zhejiang (16.1%), and Shanghai contributed the least to the total
HANPP at 2.5%. Similarly, Anhui and Jiangsu were also the main provinces that contributed to the total
HANPPharv, followed by Zhejiang and Shanghai. However, small difference existed in HANPPluc

among Anhui, Jiangsu and Zhejiang provinces. HANPP efficiencies in Jiangsu and Anhui provinces
were 88.4% and 81.2%, which meant the vast majority of terrestrial NPP was used for human purposes
in the two provinces, while the HANPP efficiencies in Zhejiang and Shanghai were 60.5% and 57.8%.

Figure 4(b) shows that distinguishable differences in HANPP as a percentage of NPPpot

(HANPP/NPPpot) were found among the different provinces in the Yangtze River Delta during
2005–2015. The averaged percentages for Shanghai, Jiangsu and Anhui were 84.3%, 82.4 and 71.3%,
respectively, which were larger than the value (62.4%) for the Yangtze River Delta. Shanghai had
the largest proportion of HANPP/NPPpot, and an obvious increasing trend was presented from 2005
at 76.3% to 2015 at 88.4%. However, the interannual variability in HANPP/NPPpot in Jiangsu and Anhui
provinces was minimal except in the worst drought year of 2011. Of the provinces, Zhejiang province
had the lowest proportion of HANPP/NPPpot in the Yangtze River Delta, with an average value
of 32.0%.

Figure 4. (a) The average total HANPP, HANPPharv and HANPPluc; (b) the variation in
the HANPP/NPPpot from 2005 to 2015 (Tg C yr−1), in the four provinces in the Yangtze River Delta.

3.4. Influence of Land Use Change on HANPP

Land use-induced HANPP changes were divided into that in unchanged land use and in changed
land use in this study. HANPP changes in changed land use was denoted as the increase or decrease of
HANPP on the areas where land use types changed during 2005–2015. HANPP changes in unchanged
land use was denoted as the increase or decrease of HANPP on the areas where land use types did
not change, which was mainly caused by land intensification or soil degradation, etc. As the land use
transfer matrix of the Yangtze River Delta from 2005 to 2015 shows in Table 4, the unchanged land
use area accounted for 97.8% of the total area, and the changed land use area only accounted for 2.2%.
Land use changes in the Yangtze River Delta were mainly driven by the expansion of construction
land, and the dominant land use transition patterns were the conversions of cropland and forestland to
construction land.

Using the averaged HANPP over the period of 2005–2007 and 2013–2015 as the HANPP value in
2005 and 2015, respectively, we calculated the HANPP transfer matrix of the Yangtze River Delta from
2005 to 2015. As shown in Table 5, the total HANPP increased 13.28 Tg C yr−1 during 2005–2015 in
the Yangtze River Delta, and this increase was mainly driven by unchanged land use, and the increased
HANPP induced by unchanged land use was 12.82 Tg C yr−1, accounting for 96.5% of the total increase.
Cropland made the largest contribution to the HANPP increase induced by unchanged land use,
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at the proportion of 78.2% (10.02 Tg C yr−1). Under the condition that HANPPharv accounted for
approximately 80% of the total HANPP, the HANPP increase in the Yangtze River Delta was mainly
driven by the increase of HANPPharv in the cropland.

Table 4. Land use transfer matrix for the Yangtze River Delta from 2005 to 2015 (km2).

Type Cropland Forestland Grassland Water Construction Land Unused Land

cropland 173,432 38 31 311 5636 18
forestland 9 100,312 73 5 577 5
grassland 14 7 11,169 10 92 1

water 94 2 79 22,173 193 14
construction land 87 1 22 21 33,975 2

unused land 0 1 0 3 0 102

Table 5. HANPP transfer matrix of the Yangtze River Delta from 2005 to 2015 (10−3 Tg C yr−1).

Type Cropland Forestland Grassland Water Construction Land Unused Land

cropland 10,019.4 −15.3 −1.9 −144.9 133.9 −8.6
forestland 4.3 1151.1 19.7 −0.3 270.2 −0.4
grassland 4.5 −2.0 73.1 −2.9 15.0 −0.4

water 52.1 0.1 38.1 0.0 94.7 0.0
construction land 8.7 −0.4 1.2 −9.6 1583.1 −1.0

unused land 0.0 0.2 0.0 0.0 0.0 0.0

The increased HANPP induced by changed land use was 0.46 Tg C yr−1 (3.5%) and mostly occurred
during the change from cropland, forestland and water area to construction land, and the increase
resulting from the conversion of cropland to construction land was the largest, with a value of
0.13 Tg C yr−1.

4. Discussion

4.1. Comparison with Previous Studies

The proportion of HANPP/NPPpot is an important indicator to assess the intensity of land use
influenced by human activities, and also a comparable indicator in different countries and regions.
The higher the proportion, the more NPP that is appropriated by humans, and the less NPP that
remains for other species. At the same time, the higher the proportion, the larger the intensity of
land use. As shown in Table 6, distinct differences in the proportion of HANPP/NPPpot were found
in different countries and regions. The proportion increased from 13% to 25% during 1910–2010
in global terrestrial ecosystems [34], which was close to Africa (14%–20%) during 1980–2005 [40]
and less than that in Europe (44%–43%) during 1990–2006 [66]. The differences were also striking in
countries with different levels of economic development. In most developed European countries, such
as the United Kingdom and Germany, HANPP exceeded 50% of NPPpot, and exhibited a decreasing
trend [38,67]. These countries generally had a large proportion of cropland and a high level of
agricultural modernization, they farmed good lands and abandoned marginal lands, and then
expanded forest on marginal lands. Moreover, these countries invested a substantial amount in nature
protection. These factors caused the proportion of HANPP/NPPpot to decrease. In the developing
countries China and Philippines, the proportion of HANPP/NPPpot has shown a continuously increasing
trend [68,69]. Extensive deforestation, improvements in agricultural technology and urbanization
might be the main reasons.

The HANPP increased from 59% in 2005 to 72% in 2015 of NPPpot in the Yangtze River Delta,
which was comparable to the amount in developed countries in Europe. Similar to developed
countries, the Yangtze River Delta is an economically developed and highly agriculturally modernized
area of China, and a high land utilization ratio and land productivity resulted in the proportion of
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HANPP/NPPpot being high. As described above, the increase of HANPPharv in the cropland was
the main driver of the HANPP increase in the Yangtze River Delta. We found that the increase of
HANPPharv in cropland was correlated with the improvement of agricultural production conditions.
During 2005–2015, the total agricultural machinery power and effective irrigation area increased
remarkably in the Yangtze River Delta [62], as shown in Figure 5, which had a significant correlation
with the trends of total HANPPharv, and the Pearson coefficients were 0.97 and 0.91, respectively.
The consumption of chemical fertilizers and pesticides increased before 2010 and then decreased [62].
Precision fertilization and organic fertilizer substitution resulted in a reduced consumption of chemical
fertilizers and pesticides with a positive effect on improving soil quality and increasing agricultural
productivity. In particular, an increase in effective irrigation area could alleviate the negative effect of
climate change on the HANPPharv of cropland. For instance, the worst drought in the lower-middle
reaches area of the Yangtze River caused the potential NPP to decrease significantly in the Yangtze
River Delta, whereas the actual NPP did not decrease significantly.

Table 6. Comparison of the HANPP estimated in this study with previous studies.

Area Period HANPP % of NPPpot References

Global 1910–2005 13–25 (↑) [34]
Europe 1990–2006 44–43 (↓) [66]
Africa 1980–2005 14–20 (↑) [40]

Austria 1950–1995 60–50 (↓) [33]
United Kingdom 1800–2000 71–68 (↓) [67]

Italy 1884–2007 78–56 (↓) [37]
Germany 1883-2007 75–65 (↓) [38]

Spain 1955–2003 67–61 (↓) [35]
Hungary 1961–2005 67–49 (↓) [70]

New Zealand 1860–2005 34–32 (↓) [39]
South Africa 1961–2006 21–25 (↑) [36]
Philippines 1910–2003 35–62 (↑) [69]

China 2001–2010 49–58 (↑) [68]
Tibet 1989–2015 7–14 (↑) [71]

The Yangtze River Delta 2005–2015 59–72 (↑) this study

Figure 5. Trends in cropland HANPPharv and agricultural production conditions in the Yangtze River
Delta from 2005 to 2015. The index is defined as the value in each year divide by the maximum value
from 2005 to 2015, and the maximum index is 1.0.

The difference was that, with the development of the economy and concentration of the population,
the Yangtze River Delta experienced rapid urbanization, and a large amount of cropland was converted
to construction land instead of forestland, resulting in the proportion of HANPP/NPPpot not declining
as that in developed countries. With the increase of urbanization and improvement of residents’
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consumption level in the Yangtze River Delta in the future, HANPP will continue to grow under
current conditions. More concerns must be given to the negative effects of increased human activities
in the Yangtze River Delta, such as the soil degradation, soil and groundwater pollution induced by
consumption of chemical fertilizers and pesticides, although the consumption of chemical fertilizers
and pesticides has declined since 2010.

4.2. Uncertainties in These Calculations

HANPP was calculated as the sum of HANPPluc and HANPPharv in this study, and the uncertainties
in these calculations include two parts.

One part of the uncertainty was the calculation of HANPPluc. Some studies have used different
methods to calculate NPPpot and NPPact. For example, Chen et al. [68] used the Zhouguangsheng
model to calculate NPPpot and MOD17A3 production to represent the NPPact. Zhang, et al. [72] used
the Miami model and CASA model to calculate NPPpot and NPPact respectively. It was difficult to
distinguish the difference in NPPpot and NPPact resulting from HANPPluc or model structure. In this
study, we calculated the NPPpot and NPPact in the same model framework, which was introduced in
Section 2.3. However, we assumed that the NPPact of forests was equal to NPPpot , which is reasonable
in natural forests with fewer anthropogenic disturbances but unclear in artificial forests. Generally,
scientific forest management would improve NPPact and make it greater than NPPpot.

The other part of the uncertainty was the calculation of HANPPharv. Although the proportion of
grassland in the Yangtze River Delta was small, large uncertainties still existed in the calculation of
grassland HANPPharv. First, most livestock were raised on intensive farms in the Yangtze River Delta,
and the statistical data did not distinguish between the intensively farmed livestock and naturally
grazing livestock. Second, the commercial or supplementary feeds were not included in the feed
supply, which are one of the most important sources of livestock feed in the study area. We only
calculated the crop residues used as feed in the feed supply, which would overestimate HANPPharv.

5. Conclusions

An ecological indicator defined as HANPP was employed to analyze the terrestrial ecosystem
NPP appropriated by humans in the Yangtze River Delta. The influence of land use change on HANPP
and the uncertainties in the HANPP calculation were also discussed. The main findings of this study
are as follows:

(1) The total HANPP of the Yangtze River Delta increased from 102.3 Tg C yr−1 to 142.2 Tg C yr−1,
during 2005–2015, with an average of 121.3 Tg C yr−1. HANPPharv made the contribution of 79.9% to
the total HANPP, and cropland was the dominant land use type contributing to the total HANPPharv.
Anhui and Jiangsu provinces accounted for 82.7% of the total HANPP in the Yangtze River Delta,
and Shanghai only accounted for 2.5%.

(2) As per the percentage of NPPpot, the differences in the magnitude and trends of HANPP
were remarkable in the different countries and regions that have different economic development
levels as well as science and technology levels. HANPP ranged from 59.3% to 72.4% of NPPpot

during 2005–2015 in the Yangtze River Delta, which was comparable to that of developed countries.
With the development of rapid urbanization, a large amount of cropland was converted to construction
land as opposed to forests, which made the proportion of HANPP/NPPpot did not declining as that in
developed countries.

(3) The total HANPP increased 13.28 Tg C yr−1 during 2005–2015 in the Yangtze River Delta,
and the increase was mainly driven by the increase of HANPPharv in cropland. Furthermore, the increase
of HANPPharv in cropland was significantly correlated with the improvement of agricultural production
conditions, such as the total agricultural machinery power and effective irrigation area. Unchanged land
use-induced changes in HANPP were the main causes of the HANPP increase and accounted for 96.5%
of the total increase. Correspondingly, the increment induced by changed land use only accounted for
3.5%, and the conversion of cropland to construction land was the main type of conversion.
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