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Abstract: An increasing number of nature reserves are being invaded by various development and
construction activities, such as energy, resources, and transportation facilities. The ecological footprint
model, which enables a quantitative assessment of ecological sustainability, can assess whether
human consumption at various spatial scales falls within the regenerative capacity of the biosphere.
Based on the traditional ecological footprint evaluation model: the Global Agro-Ecological Zone
(EF-GAEZ model), this study proposes an improved ecological footprint model based on net primary
productivity (EF-NPP model) and its validations. In this study, the status of ecological footprints
and the ecological carrying capacities of 319 national nature reserves in 2010 is explored, and the
changes in ecological surpluses and ecological deficits from 2000 to 2010 are analyzed. The ecological
footprint per capita and the ecological carrying capacity per capita calculated by the two models were
mostly consistently at the same level (more than 68%), which indicated that the ecological footprint
per capita and the ecological carrying capacity per capita of the two models followed the same rule.
The EF-NPP model can reflect the change in the global climate, the degradation of the soil, and the
progress of the technology.

Keywords: ecological footprint; ef-gaez model; ef-npp model

1. Introduction

The products and services provided via the ecosystem are the foundation of human society [1,2].
Ecological sustainability is the basic guarantee of the sustainable development of human society [3].
Therefore, the use of ecosystem productivity, human consumption, and occupancy to evaluate
sustainable development has become a significant focus of research [4-6]. Nonetheless, nature reserves
face tremendous development pressure with the occurrence of rapid socioeconomic development [7].

An increasing number of nature reserves are involved in various development and construction
projects, such as energy, resources, and transportation projects [8]. Some core areas or buffer zones
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of nature reserves have been developed for tourism, planting, or breeding industries, and local
communities have continuously eroded the land of nature reserves [9-11]. This pressure greatly
exceeds the ecological carrying capacity, which is an ecological concept that assumes that a limited
number of individuals can be supported at a given level of consumption wherein the environment
is not degraded [12], causing great damage to the main targets of protection and the resources and
environment in these areas [13].

One way to estimate human demand compared to an ecosystem’s carrying capacity is “ecological
footprint” accounting [14-16]. The ecological footprint is an accounting system of indicators based
on the context that the Earth has a finite amount of biological production that supports all life on
it [17]. Accounting for the ecological footprint is a non-monetized ecosystem assessment tool and a
significant international biophysical method for distinguishing the level of development in recent
years [18-20]. Bioproductive space has been used as a synonym for the renewable capacity of the
Earth’s ecosystem to measure the flow of energy into and out of the socioeconomic system, thereby
characterizing the interdependence and supportive relation between human society and nature [21].
The ecological footprint could be used to express the space equivalents—individuals or countries
occupying bioproductive areas [22]. The idea of this concept is to compare the area needed to support
a certain lifestyle with the available area, thus providing a tool to assess whether the consumption is
ecologically sustainable [23].

The ecological footprint model can assess whether human consumption at the various spatial
scales exists within the regenerative capacity of the biosphere, thereby enabling a quantitative
assessment of the ecological sustainability [24,25]. Therefore, many scholars have been attracted to the
proposed model, which has been applied and explored many times [26-28]. At present, the commonly
used ecological footprint calculations include the classical method proposed by Wackemagel [29]
and the method of using input-output analysis [22,30]. The equivalence factor used to standardize
the different types of land use is a critical parameter in the model [31]. In the traditional ecological
footprint model, the equivalence factors are calculated using suitability indexes from the EF-GAEZ
combined with information about actual areas of cropland, forest, and grazing area from Food and
Agricultural Organization Statistical Database (FAOSTAT) [32,33]. The ecological footprint model
has the advantages of global comparison, conceptual image, intuitive theory, strong operability,
and easy-to-understand conclusions, but some doubts and arguments remain [34,35]. The primary
advantages of the EF-GAEZ model include the concept of the image, the feasibility of the method, the
reproducibility and the policy implications of the results [36]. The major deficiency is the ecological
footprint as an evaluation indicator of sustainable development, ecological bias, ecological profit
and loss judgment, sustainable development, and scale [37,38]. Biocapacity refers to the amount of
biologically productive land and water areas available within the boundaries of a given country [33].
Although the land area method of calculating biocapacity take into consideration the multiple functions
of land use and the values of factors such as the equivalence factor and yield factor [39], it typically
uses both the global average yield factor and the equivalence factor. However, due to the differences
and particularities of each research areas, it is not scientific to replace the yield factors and equivalence
factors of each region with a global average scale [40]. Simultaneously, in response to the deficiencies
of the EF-GAEZ model, Venetoulis and Talberth made major changes to the theory and method of
the ecological footprint model in 2004 and 2005 [41,42]. Combining the ecological footprint with
Net Primary Productivity (NPP), an ecological footprint calculation method based on net primary
productivity was proposed (the EF-NPP model), and it was applied to more than 100 countries
around the world [43,44]. The theoretical framework of the method based on the ecological footprint
model improves the equivalence factors and carbon absorption in response to the more theoretical
assumptions in question and provides better measures and evaluations for the sustainable development
of the region [45,46]. The proposal of the EF-NPP method is important for improving the ecological
footprint method [47]. Compared with EF-GAEZ, the EF-NPP model can study land productivity
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changes dynamically and in real time and thus more accurately assess the sustainable development of
the region [48].

Based on the traditional ecological footprint evaluation method (EF-GAEZ model), this study
proposes and validates an improved model on account of net primary productivity (EF-NPP model).
Using the EF-NPP method, we analyzed the status of the ecological footprints and ecological carrying
capacities of 319 national nature reserves in 2010, and the changes in the ecological surpluses and
ecological deficits from 2000 to 2010. Finally, the state of the sustainable development of traffic lights
in China’s national nature reserves was evaluated.

2. Materials and Methods
2.1. Data

2.1.1. Nature Reserve Data

By the end of 2010, there was a total of 319 national nature reserve in China, the distribution of
which is shown in Figure 1. The paper adopted the bound data of 319 national nature reserve from
Nanjing institute of Environmental Sciences, Ministry of Environmental Protection (MEP).
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Figure 1. Spatial distribution of the national nature reserve in China.
2.1.2. NPP Data

The NPP data used in this paper comes from the project entitled “Remote Sensing Investigation
and Assessment on the Changes of National Ecological Environment in Ten Years (2000-2010)”, which
was conducted by the MEP and the Chinese Academy of Sciences. This project is based on the
Carnegie-Ames-Stanford Approach (CASA) model, the normalized difference vegetation index (NDVI)
dataset of the 250 m of Moderate-resolution Imaging Spectroradiometer (MODIS) products, the surface
temperature data set of the splitting window algorithm, the moisture index data set and the national
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meteorological data interpolation solar total radiation data set, and the 250-m resolution NPP data
acquired in 2000 and 2010.

2.2. Methods

In this study, the status of ecological footprints and the ecological carrying capacities of 319
national nature reserves in 2010 and the changes in ecological surpluses and ecological deficits from
2000 to 2010 were analyzed according to the following process (Figure 2).
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Figure 2. The flow diagram of this stud. EF-NPP represented the model on account of net
primary productivity for Ecological Footprint; EF-GAEZ represented the model on account of Global
Agro-Ecological Zone for Ecological Footprint.

2.2.1. NPP Estimation Model

Aimed at the shortcomings of the traditional EF-GAEZ model, the EF-NPP model, which is based
on net primary productivity, is proposed. The equivalence factor, yield factor, and the area of land
conserved for biodiversity are improved.

The NPP estimation formula is as follows:

NPP(x,t) = APAR(x,t) x (x,t) 1)

where APAR (x, t)represents the absorbed photosynthetically active radiation by x in t months (unit:
M]/m?/ten), and ¢ represents the actual light utilization of x in t months (Unit: gC/M]).

2.2.2. Improvement of the EF-NPP Model

(A) Equivalence Factor of the EF-NPP Model

Based on the NPP data, the equivalence factor of the national nature reserve is calculated according
to the following steps:

(1) The 250-m resolution NPP datasets of 2000 and 2010 were resampled to a 30-m resolution.
These datasets were then overlaid with the 30-m land-utilization dataset of 2000 and 2010 to obtain the
NPP of the different types of biological productive areas throughout the country (woodland, grassland,
waters, and farmland).
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(2) Based on the vector data of the national nature reserve borders, the NPP of the different types
of bioproductive land in each protected area was extracted by the Geographic Information System
(GIS) spatial analysis method.

(3) The average NPP was calculated for each of the four major categories—woodland, grassland,
waters and farmland—in the different reserves, as shown in the formula:

Y, NPP; x A

NPPy, = T A,

2

where NPPnr is the average NPP of the various vegetation types in the national nature reserve, NPPj
is the NPP of the different types of biological productive areas in the nature reserve, and Aj is the
different types of biological productive areas.

(4) For the balance factors for the woodland, grassland, farmland and waters in the reserve, the
NPP for a biological production area is divided by the average NPP of the four types of area. The model

is as follows:
NPP;

~ NPP,,

where 7; is the equivalence factor of the different types of biological productive areas in national nature
reserve, NPPnr is the average NPP of the different types of biological productive areas, and NPPj is
the NPP of the different types of biological productive areas. The equivalence factor of the land with
construction is replaced by the equivalence factor of farmland.

(B) The Yield Factor of the EF-NPP Model

Based on the NPP data, the yield factors of the national nature reserve were calculated according
to the following steps:

(1) The 250-m resolution NPP datasets for 2000 and 2010 were resampled to a 30-m resolution.
These datasets were overlaid with 30-m land-utilization datasets for 2000 and 2010 to obtain the NPP
of the different types of biological productive areas throughout the country (woodland, grassland,
waters, and farmland).

(2) Based on the vector data from the borders of the national nature reserve, the NPP of the different
types of bioproductive land in each protected area was extracted by the GIS spatial analysis method.

®)

Tj

(3) The yield factors of the woodland, grassland, farmland and waters of the reserve were obtained
through the ratio of each reserve to the national average. The model is as follows:
NPPj
Vi= <om
NPP;

)

where y; is the yield factor of the different types of biological productive areas in the national nature
reserve, NPPj is the NPP of j type biological production area in a national nature reserve; NPP; is the
average NPP of j type land in China, and the yield factor f for land with construction is replaced by the
yield factor of farmland.

2.2.3. Establishment of Equivalence Factor and Yield Factor in EF-GAEZ

The equivalence factor in the EF-GAEZ model uses the most widely used Wackernagel research
results, whose equivalence factors for farmland, woodland, grassland, and waters are 2.8, 1.1, 0.5, and
0.2, respectively. In addition to the above four types of ecological productivity, the equalization factor
for land with construction is the same as for farmland. The yield factors also use the Wackernagel
yield factors, with the yield factor for farmland and land with construction being 1.66, the factor for
grassland being 0.19, the factor for woodland being 0.91, and the factor for water being 1.0.

The EF-GAEZ model, like the EF-NPP model, also defines the area ratio of the protected areas as
the proportion of land area that should be reserved for the evaluation of ecological carrying capacity.
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2.2.4. Average Ecological Footprint Model

There are 5 land types that need to be considered to biological productive area when calculating
the ecological footprint: fossil energy land, woodland, grassland, construction land, and water area.
The fossil energy land refers to the forestland area to absorb the carbon emission during combustion
of fossil energy, and the actual values calculated using the consumption of raw coal, coke, crude oil,
petrol, kerosene, diesel, fuel oil, LPG, natural gas, and thermal energy multiply by the conversion
coefficient of the country. Therefore, the land for energy consumption is designed for the construction
land. In this paper, the 5 types are considered for the calculation of the ecological footprint including
the farmland, woodland, grassland, water, and development and construction land.

Because the ecological productivity is different for various types of biological productive land,
using the average biological productivity turn resource consumption and waste capacity into the
needs of biological productive area. Introducing equivalence factor, make various types of biological
productive land into equivalent ecological productivity, and to calculate the total ecological footprint
(Equations (5) and (6)).

Ecological productivity varies according to the type of biological productive area, with resource
consumption and waste absorption being converted by the average bioproductivity of each of the
required biological productive areas. Different types of biological productive area are transformed into
equivalent eco-productivity to calculate the total ecological footprint:

EF f S ®)
nr — o X7
j=1 EF;
EF,
efnr = I\;zr (6)

where EF,; is the total ecological footprint of the nature reserve, j is the type of biological productive
area, Cj is the resource consumption, EPj is the average bioproductivity, 7; is the equalization factor,
efur is the per capita ecological footprint of the nature reserve, and N is the total population.

2.2.5. Calculation of the Average Ecological Footprint in the National Wilderness Preservation System

Calculating the ecological footprint requires a large amount of statistics of production and
consumption, but China’s statistics is mostly based on administrative regions, which lacks the data of
national natural reserves. Thus, this study estimated the per capita ecological footprint of the counties,
considering that the per capita consumption level of the residents living in the national nature reserves
and the counties where the protected areas are located is basically the same. There are 227 national
nature reserves with the boundaries falling in their counties, and 92 national nature reserves falling
within multiple counties (Table 1). The Sanjiangyuan National Nature Reserve even spans ten counties.
For the protected areas where the boundary falls in one county, the per capita ecological footprint of
the county is calculated by the per capita ecological footprint of the protected area. When the protected
area spans more than one county, the average of per capita ecological footprint of each county is
quantized by the per capita ecological footprint of the protected area.

Table 1. The amount of national nature reserves by county level.

Counties Involved by National Nature Reserves Number of National Nature Reserves
1 227
2-5 81
5-10 10

>10 1
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2.2.6. Correlation Analysis Method

Correlation analysis is widely used in industrial and agricultural production and in scientific
research. It is an indispensable tool for analysis.

Relevance relations were divided into complete correlation (function related), incomplete
correlation (false correlation), and zero correlation (irrelevant). Relevance relations are usually
described by the correlation coefficient r (Pearson coefficient), and the formula is as follows:

i (xi = %) (yi — ¥y ”Zz 1 XY — (i %) (T vi)

JZI | (5 =) %T s X\ n 2 = (T w)’

Forx = % Y 4 xj, in the formula, ¥ and ¥ represent the average value of the two sample elements.
Fory = % 1 vi, when |r| < 0.3, a zero correlation is noted, and the two elements are irrelevant;

when 0.3 < |r| < 0.5, the relativity of the two elements is low; when 0.5 < |r| < 0.8, the two elements
are relative; and when 0.8 < |r| < 1, the relativity of the two elements is high.

@)

After the linear correlation coefficient between the two variables has been calculated from the
sample data, a statistical test on the degree of linear correlation is usually performed, which means the
appropriate statistic can be selected. At a given level of significance, the significance of the statistic is
tested, which means the correlation coefficient is also tested. This study adopted the t test method, and
the specific steps are as follows:

(1) We propose the null hypothesis, HO: no significant linear correlation exists between the two
populations. The alternative hypothesis is H1: a significant linear correlation exists between the
two populations.

(2) According to the calculation method of the correlation coefficient, to calculate the
corresponding statistics, the formula is as follows:

t= ——= ~t(n-2) (8)

where the t-statistic obeys a t-distribution with the freedom of n — 2. According to the statistics
obtained by the corresponding probability, a significant « is given (in this study, o« = 0.01). If the
associated probability is less than or equal to the significance level , the null hypothesis HO is rejected,
and H1 is accepted, which means a significant linear correlation exists between the two populations.
If the associated probability is greater than the significance level «, the null hypothesis HO is accepted,
and no significant linear correlation exists between the two populations.

3. Result and Analysis

3.1. Acquisition of NPP at National Nature Reserves

Based on the NPP data collected from across the entire country, the NPP data of 319 national
nature reserves were extracted for the years 2000 and 2010 using the GIS method, as shown in Figures 3
and 4, respectively.
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Figure 4. Distribution of net primary productivity of national nature reserves in 2010.
3.2. Spatial Distribution of Average Ecological Footprint in National Nature Reserves

In terms of the per person ecological footprint in different areas, The per person ecological
footprint of development and construction land of national nature reserve land in Neimenggu, Ningxia,
Liaoning, Xinjiang, and Shandong provinces (district) is more demanding (Figure 5). The per person
ecological footprint of farmland of the national nature reserves in the Sichuan, Heilongjiang, and Jilin
provinces is more demanding, because the development and construction land as well as farmland
occupy the principal part of the per person ecological footprint demand of the national nature reserve,
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and directly result in a high demand in these areas of the per person ecological footprint. The per
person ecological footprint of woodland of national nature reserves in Fujian, Guangxi, Hunan, and
Anhui provinces (district) is more demanding, whereas the per person ecological footprint of grassland
of national nature reserve in Qinghai, Neimenggu, and Xizang provinces (district) is more demanding.
The per person ecological footprint of water area of national nature reserve in coastal provinces such
as Shandong, Hainan, Jiangsu, Liaoning, and Guangdong is more demanding.
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Figure 5. Spatial distribution of average ecological footprint in National Nature Reserves in 2010.

3.3. Comparison of Equivalence Factor and Yield Factors in the EF-GAEZ Model and EF-NP Model

3.3.1. Equivalence Factor Comparison

In the EF-GAEZ model, the equivalence factors of farmland, woodland, grassland, and waters in
the national nature reserve were 2.8, 1.1, 0.5, and 0.2, respectively, and the general rules of farmland
> forest land > grassland > water area were presented. The average equivalence factors of farmland,
woodland, grassland, and waters in the 2000 national nature reserve calculated by the EF-NPP model
were 1.4, 1.08, 0.77 and 0.66, respectively. In terms of the farmland, woodland, grassland, and waters
of the national nature reserve in 2010, the average equivalence factors were 1.19, 1.16, 0.85, and 0.73,
respectively (Table 2), and all obeyed the laws of farmland > forest land > grassland > water area,
which was consistent with the EF-GAEZ model.

Table 2. The average value of the equivalence factor in the EF-NPP model.

Type 2010 2000
Farmland 1.19 140
Forest 1.16 1.08
Grassland 0.85 0.77
Water Area 0.73  0.66

3.3.2. Comparison of Yield Factors

In the EF-GAEZ model, the yield factors of farmland, woodland, grassland, and waters in national
nature reserves are 1.66, 0.91, 0.19, and 1.00, respectively. The average yield factors of farmland,
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woodland, grassland, and waters in the 2000 national nature reserve calculated by the EF-NPP model
were 0.88, 0.88, 1.77 and 1.13, respectively. The average farmland, woodland, grassland, and waters
of the national nature reserve in 2010. The yield factors were 0.88, 0.89, 1.39, and 1.05, respectively
(Table 3). Compared with the EF-GAEZ model, the adjustment of the yield factor by the EF-NPP model
increases the yield factors of forest land, grassland, and waters in national nature reserves, and reduces
the yield factors of farmland and development and construction land. The EF-NPP model greatly
improved the ecological carrying capacity of three natural ecosystems in waters, grasslands, and
woodlands, increased the importance of three natural ecosystems, and weakened the role of farmland
and development and construction land, which is more in line with national nature conservation. The
actual situation of the district.

Table 3. The average value of the yield factor in the EF-NPP model.

Type 2010 2000
Farmland 0.88 0.88
Forest 0.89 0.88

Grassland 1.39 1.77
Water Area 1.05 1.13

3.4. Correlation Analysis of the Ecological Footprint per Capita between the EF-GAEZ and EF-NPP Models

3.4.1. Correlation Analysis of Ecological Footprint per Capita in 2000

Taking the ecological footprint per capita of 2000 from the EF-GAEZ model as explanatory
variables and taking the ecological footprint per capita of 2000 from the EF-NPP model as explanatory
variables, two variables were analyzed for correlation and linear regression fit. Figure 6 shows the
correlation between the ecological footprint per capita of the national nature reserves calculated by
the EF-GAEZ and the EF-NPP models in 2000 (hereafter referred to as the EF-GAEZ2000efpc and
the EF-NPP2000efpc). The Pearson correlation coefficient is 0.804, and the determination coefficient
R2 is 0.6484. As shown in the correlation test table (Table 4), the significant value of the correlation
coefficient between the EF-GAEZ2000efpc and the EF-NPP2000efpc is 0, less than 0.01, which means
that the EF-GAEZ2000efpc and the EF-NPP2000efpc show a positive correlation.

9

y = 1.3544x - 0.3294
3 R2 = ().6484

Ecological Footprint Per Capita of EF-NPP
Model(2000)
\

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
Ecological Footprint Per Capita of EF-GAEZ Model(2000)

Figure 6. Correlation of the ecological footprint per capita between the EF-GAEZ and EF-NPP models
(2000) (Unit: hectare).
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Table 4. Correlation Test of the Ecological Footprint Per Capita between the EF-GAEZ and EF-NPP

Models (2000).
Comparison Value Parameter EF-GAEZ2000efpc EF-NPP2000efpc
Pearson correlation 1 0.804 **
EF-GAEZ2000efpc Povalue ) 0.000
Pearson correlation 0.804 ** 1
EF-NPP2000efpc Povalue 0.000 ]

Note: ** Significantly related at the 0.01 level (both sides). P-value reflects the correlation, when P-value < 0.05, the
correlation is very significant.

3.4.2. Correlation Analysis of the per Capita Ecological Footprint in 2010

Taking the ecological footprint per capita of 2010 from the EF-GAEZ model as explanatory
variables and taking the ecological footprint per capita of 2010 from the EF-NPP model as explanatory
variables, two variables were analyzed for correlation and linear regression fit. Figure 7 shows the
correlation between the ecological footprint per capita of the national nature reserves calculated by
the EF-GAEZ and EF-NPP models in 2010 (hereafter referred to as the EF-GAEZ2010efpc and the
EF-NPP2010efpc). The Pearson correlation coefficient is 0.811, and the determination coefficient R
is 0.6581. As shown in the correlation test table (Table 5), the significant value of the correlation
coefficient between the EF-GAEZ2010efpc and the EF-NPP2010efpc is 0, less than 0.01, which means
that EF-GAEZ2010efpc and the EF-NPP2010efpc is a positive correlation.

14

y=1.0577x + 0.1993
R?=0.6581

¥

S
\

=
\

Ecological Footprint Per Capita of EF-NPP Model(2010)

0 2 4 6 8 10 12
Ecological Footprint Per Capita of EF-GAEZ Model(2010)

Figure 7. Correlation of the ecological footprint per capita between the EF-GAEZ and the EF-NPP
models (2010) (Unit: hectare).

Table 5. Correlation Test of the Ecological Footprint Per Capita between the EF-GAEZ and EF-NPP

Models (2010).
Comparison Value Parameter EF-GAEZ2010efpc EF-NPP2010efpc
Pearson correlation 1 0.811 **
EF-GAEZ2010efpc Povalue 0.000
Pearson correlation 0.811 ** 1
EF-NPP2010efpc P-value 0.000

Note: ** Significantly related on the 0.01 level (both sides). P-value reflects the correlation, when P-value < 0.05, the
correlation is very significant.
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3.5. Consistency Analysis of Ecological Footprint per Capita between the EF-GAEZ and EF-NPP Models

When the current situation and changing rules for the ecological footprints and carrying capacity
per capita of national nature reserves are being analyzed, a method that will provide a graded
evaluation is generally adopted. If the EF-GAEZ and EF-NPP results are highly consistent at the same
level, the spatial distribution of the ecological footprints and the ecological carrying capacities of the
national nature reserves in the two models are consistent.

Based on the grading of the ecological footprint per capita and ecological carrying capacity of the
EF-GAEZ and EF-NPP models, this section counts the number of nature reserves at the same level
to verify the consistency of the EF-NPP model and the EF-GAEZ model. The ecological footprint per
capita of the national nature reserve is graded according to two levels: 0-2.5 hectares, and greater than
2.5 hectares.

3.5.1. Comparison of the Ecological Footprint per Capita in 2000

In 2000, based on the EF-NPP model, 208 protection zones had an ecological footprint per capita
at the 0-2.5-hectare level, which is 39 fewer than the number based on the EF-GAEZ model. Under the
two models, 185 protected zones are the same.

In 2000, based on the EF-NPP model, 111 protection zones had an ecological footprint per capita
at the greater than 2.5-hectare level. Under the two models, 44 protected zones are the same (Table 6).

According to the EF-NPP model and the EF-GAEZ model, the ecological footprint per capita of
2000 shows that in two grading levels, the number of national nature reserves that are the same is 229,
with a consistency of 72%.

Table 6. Ecological Footprint Per Capita Consistency Comparison between the EF-GAEZ and EF-NPP
models at Different Levels (2000) (Unit: hectare).

Ecological Footprint EF-NPP model EF-GAEZ model Same Number of
per Capita 2000 Number Percentage  Number Percentage Protection Zones
0-2.5 208 65% 247 77% 185
>2.5 111 35% 72 23% 44

3.5.2. Comparison of the Ecological Footprint per Capita in 2010

In 2010, based on the EF-NPP model, 98 protection zones had an ecological footprint per capita at
the 0-2.5-hectare level, which is 5 less than the number based on based on the EF-GAEZ model. Under
the two models, 71 protected zones are the same (Table 7).

In 2010, based on the EF-NPP model, 221 protection zones had an ecological footprint per capita
at the greater-than-2.5-hectare level. Under the two models, 146 protected zones are the same.

According to the EF-NPP model and the EF-GAEZ model, the ecological footprint per capita of
2010 shows that in two grading levels, the total number of the same national nature reserves is 217,
with a consistency of 68%.

Table 7. Ecological Footprint Per capita Consistency Comparison between the EF-GAEZ and EF-NPP
Models at Different Levels (2010) (Unit: hectare).

Ecological Footprint EF-NPP model EF-GAEZ model Same Number of
per Capita 2010

Number Percentage  Number Percentage Protection Zones

0-2.5 98 31% 103 32% 71
>2.5 221 69% 216 68% 146
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4. Discussion

4.1. Uncertainty and Sensitivity Analysis

There is a wide range of uncertainties in the evaluation of the ecological footprint in this paper,
which may affect the credibility of the research results. (1) There are limitations in data quality, such as
errors transmitted by the data collection process, lacking of data, insufficient data representation, and
improper selection of data. (2) There is an uncertainty for some key parameters, such as the balance
factor in the model, the measurement of various factors such as soil, temperature, slope, precipitation,
the estimation of NPP in grassland and water area, the setting of global average CO, absorption rate,
and the calculation of food consumption in animal husbandry unit products. There may be a lack
of funding that meant information was simplified, roughed, or replaced, and this could introduce
erroneous knowledge and methods, or even errors in calculations, resulting in uncertainty. (3) There
is also uncertainty caused by the inherent defects of the model. If the diversity and interaction of
different types of land functions are not considered, the complex mechanism of the Earth’s carbon
cycle is simplified, and the trade balance between regions is intricate and difficult to track. Therefore,
it is necessary to identify the path and sensitivity of these variables, improving the reliability and
credibility of accounting results, and providing relatively accurate information for environmental
managers or decision makers in ecological footprint assessment. In the future, the assessment of data
quality will be carried out from the aspects of data credibility, time, source, geographic coverage,
and technical level. The Monte Carlo method, Latin hypercube sampling, and other methods will be
applied for uncertainty quantification and sensitivity analysis.

4.2. The Advantage of the EF-NPP Model

The traditional model typically uses the global average yield factor and equivalence factor.
However, many scholars have questioned the scientific quality of the above-mentioned parameter
assignment methods, believing that the parameters should be adjusted to characterize the particularity
of different regions [22,49,50]. Applying NPP to modify the theory and method of the ecological
footprint reflects the actual biomass of different ecosystems under natural or man-made disturbances,
and also reflects their ecological value in food production and raw material supply [51]. Compared with
the traditional EF-GAEZ model, in terms of calculation method, using the EF-NPP model to calculate
the equivalence factor and yield factor has inherent advantages over the traditional EF-GAEZ model.
Energy flow of the ecosystem begins with the photosynthesis of green plants, and the EF-NPP model
directly reflects the true productivity of plant communities in different ecosystems. Therefore, using
the EF-NPP model to represent the biological productivity of land can make the equivalence factor
reflect the differences of various types of productivity more directly and accurately. The calculation
of the ecological footprint can truly reflect our occupancy of the ecosystem supply capacity, so that
the ecological sustainability of national nature reserves can be better assessed. At the same time, the
EF-NPP model can realize the real-time update of the yield factors, especially for the ecosystem types
such as grassland and woodland, which prove difficult when using the conventional methods such as
statistical or investigation methods to quantify their productivity. The EF-NPP model can solve the
problems that the static yield factor cannot solve. The EF-NPP model can reflect the change of global
climate, the degradation of soil, and the progress of technology.

5. Conclusions

Since the EF-NPP model is improved on the EF-GAEZ model, they both have the same calculation
model, their ecological footprint per capita and ecological carrying capacity per capita of the National
Nature Reserve in 2000 and 2010 are significantly related, all their Pearson correlation coefficients are
above 0.8. The ecological footprint per capita and ecological carrying capacity per capita calculated by
the two models are highly consistent, more than 68% in total, which shows that the ecological footprint
per capita and the ecological carrying capacity per capita of the two models follow the same rule. The
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results of the EF-NPP model is credible. According to the conclusion of the project, national nature
reserves are dominated by natural ecosystems in 2000 and 2010, accounting for more than 90% of all
reserves in China (Ministry of Environmental Protection, etc.). As the EF-NPP model increases the
yield factors of three types of natural ecosystems—woodland, grassland, and waters—in the national
nature reserve, the ecological carrying capacity per capita of the EF-NPP model is greater than that of
the EF-GAEZ model. The increase of ecological carrying capacity, according to ecological footprint,
makes the ecological deficit appear later in the EF-NPP model than in the EF-GAEZ model. The
result of the EF-NPP model is more optimistic than the result of the EF-GAEZ model, which partially
solves the question about the pessimistic results of EF-GAEZ. Therefore, EF-NPP is more sensible than
EF-GAEZ for the study of the trend of ecological footprint.
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