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Abstract
The variations of vegetation carbon sequestration have become a gauge for evaluating the ecological effect of vegetation
restoration. In this study, the spatiotemporal patterns of the net ecosystem production (NEP) were simulated using an improved
CASA model and GSMSR model. It showed that the NEP markedly increased in the tableland of Loess Plateau during 2003–
2012, with an annual average growth of 3.65 g C·m−2 a−1. The mixed broadleaf-conifer forest ranked first (127.23 g C·m−2 a−1)
while the bare land and sparse vegetation presented the lowest carbon sequestration (14.64 g C·m−2 a−1). The NEP manifested a
significantly uneven overall spatial distribution: high in the southwest and low in the northeast. The spatial variations of NEP
resulted from the combined effects of geographic position, terrain, meteorology, and soil and vegetation, respectively.
Quantitative isolation revealed that the most dominant factor of vegetation carbon sequestration was soil and vegetation, while
terrain exerted insignificant impacts on the NEP.
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Introduction

The net carbon absorption or net carbon emission of a terres-
trial ecosystem is called the net ecosystem productivity (NEP)
(Woodwell et al. 1978). NEP reflects the difference between
the net primary productivity (NPP) of vegetation in the eco-
system and the heterotrophic respiration (HR) of the soil
(Zhao et al. 2009). Given that the NEP denotes the equilibrium
between the photosynthesis and respiration of an ecosystem, it
can reflect the CO2 amount absorbed from or released into the
atmosphere by the ecosystem in unit time (Mu et al. 2014).
Generally speaking, when the carbon sequestration of an eco-
system is greater than its carbon emission, this ecosystem is

considered a sink of atmosphere CO2 (carbon sink), other-
wise, a carbon source (Fang et al. 2007). It was an important
characteristic parameter in both ecosystem and a physical
quantity in carbon exchange between terrestrial ecosystem
and atmosphere.

Previous researchers in China (Liu et al. 2014; Piao et al.
2004) have evaluated the biomass carbon sink of forest and
grassland, and they found that different vegetation types play
different roles in the carbon cycle of an ecosystem. That is,
grassland degeneration is typically a carbon source process
(Chuluun and Ojima 2002), whereas afforestation increases
the carbon storage of an ecosystem (Fang et al. 2001; Tian
et al. 2011; Zhang et al. 2005). Studies have demonstrated that
afforestation is the most promising strategy for mitigating
global warming. The tableland of Loess Plateau is located in
the area of northwest China, and the ecological environment is
extremely fragile. Large-scaled afforestation activities have
been conducted since the Three-North Shelter Forest
Program (TNSFP) and Grain to Green Program (GTGP) were
implemented in 1975 and 1999, respectively. The designation
of agricultural protected forests significantly improved the
local microclimate, crop yield, soil conditions, and air purifi-
cation. Nevertheless, agricultural protected forests incurred
severe losses and damages because few forest resources were
scattered in local areas. The tableland of Loess Plateau is a
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major crop planting region in Shaanxi Province that must meet
the basic grain supply and maintain a sustainable development
of the local ecological environment. Various ecological recon-
struction activities have been established to address this prob-
lem. In view of the local fragile ecological environment and
the impact of human activities, by exploring the carbon cycle
process of the ecosystem in the study area, we can effectively
evaluate the benefits of ecological restoration projects such as
TNSFP and GTGP. Carbon fluxes in previous estimates usu-
ally dependents on approaches that of based on varied types
and numbers of parameter because of the difficulty in directly
obtaining NEP measured data (Mekonnen et al. 2016; Ma
et al. 2017). Carnegie-Ames-Stanford Approach (CASA)
model which combined with satellite remote sensing in time
series prediction of NPP was introduced by Potter et al.
(1993). However, uncertainties in the CASA model raised
from parameters or datasets used to drive the model made it
limited at the regional or global scale (PAN et al. 2015; Field
et al. 1995; Russell et al. 1989). Latter, scholars constantly
revised the CASA model (Carvalhais et al. 2010; Zhu et al.
2006, 2007). Approaches in evaluating Rs (soil respiration)
was constructed based on the correlations between environ-
mental variables and measured soil carbon flux at the regional
scale were introduced in some papers (Raich and Potter 1995;
Raich et al. 2002). Based on the Rs data measured in China
from 1995 to 2004, Yu (Yu et al. 2010) developed a new
region-scale geostatistical model of soil respiration
(GSMSR) by parameterizing and modifying the structure of
TPS model (Zheng et al. 2010). In this paper, the spatial-
temporal distribution characteristics of the NEP in the table-
land of Loess Plateau during 2003–2012 were simulated by
using the improved CASA model and the GSMSR model. In
conclusion, the findings of this study are beneficial for the
accurate evaluation of the vegetation restoration in the table-
land of Loess Plateau and to the quantitative analysis of the
effects of the relative factors on the vegetation carbon sink.

Materials and methods

Study area

The tableland is in the hinterland of the Guanzhong plain of
Northwest China. This region is characterized mainly by val-
ley terraces covered with loess and loess platforms in a strip
distribution along the river valley. The area is located at 34°
02′–35° 52′ N 107° 1′–110° 36′ E, encompassing Baoji,
Xianyan, Tongchuan, Weinan, and Xi’an (Fig. 1). The region
has an east-to-west length of approximately 320 km and
south-to-north width of approximately 210 km, covering an
area of around 12,000 km2. The local terrain is high in the
west and low in the east, showing a ladder slope. The region is
characterized by a continental monsoon climate with seasonal

changes. The annual average temperature over the years is
12.2–13.4 °C, the average temperature in July was above
26 °C, and in January it was 0.5–1.5 °C, and the average
precipitation is 560–760 mm. The good hydrothermal condi-
tions in this region have resulted in diversified vegetation
types, which include evergreen broad-leaf forest, deciduous
broad-leaf forest, mixed broadleaf-conifer forest, shrub forest
land, cultivated land, grassland, bare land, and sparse vegeta-
tion. The study area is a part of Guanzhong Plain (also known
as Weihe Plain) in Shaanxi province. Since ancient times,
irrigation has been developed and wheat and cotton have been
produced. It is an important commodity grain-producing area
in China. However, the study area has a fragile ecology be-
cause of the high population and industrial density.

Data sources and preprocessing

The meteorological data and coordinates of different stations
were collected from China Meteorological Data Sharing
Service System (http://data.cma.cn). The monthly data in the
period of 2003–2012 were used. To obtain the spatial raster
data of air temperature, precipitation, and solar radiation, the
temperature data were interpolated by IDW (inverse distance
weighted) method, and the precipitation and monthly total
solar radiation data were assessed by OK (Kriging) method.
The DEM data were acquired from the Geospatial Data Cloud
website of the Computer Network Information Center,
Chinese Academy of Science (http://www.gscloud.cn).

The normalized difference vegetation index (NDVI) uti-
lized the SPOT VGT dataset issued by the Flemish Institute
for Technological Research (http://www.vgt.vito.be/), and the
spatial resolution was 1072.01946341615m. The data were
processed by geometric correction, radiation correction, and
atmosphere correction. The 10-day maximum data were gen-
erated by the maximum value composite (Pan et al. 2003).
The Band Math tools of ENVI were used again after the data
were acquired to synthesize the maximum data and conse-
quently weaken the influences of the atmosphere.

The used vegetation classification map was the China
1-km Land Coverage Map based on Multi-source Data
Integration provided by the Cold and Arid Regions
Science Data Center at Lanzhou (http://westdc.westgis.
ac.cn) (Ran et al. 2009). The data applied the IGBP clas-
sification system, and the total accuracy of the region was
71%, which was higher than other data classification
products, indicating that the data were suitable as the in-
put data of a terrestrial model (Ran et al. 2012).

All data were resampled at a 1 km × 1 km resolution and
repeatedly projected for WGS_1984_Albers. The north offset
and east offset were 0 m. The central meridian was 105° E.
The standard parallels were 25° N and 47° N. The initial
latitude was 0°.
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Methods

Model description of NPP estimation

This study used the CASA model to estimate the monthly
NPP of the vegetation in the tableland of the Loess Plateau
in the period of 2003–2012. The NPP evaluated by the model
was expressed as the product of the absorbed photosyntheti-
cally active radiation (APAR) and the actual radiation conver-
sion efficiency (ε). The estimation formula is represented as
follows:

NPP x; tð Þ ¼ APAR x; tð Þ � ε x; tð Þ ð1Þ
where APAR(x, t) is the absorbed photosynthetically active
radiation at t months for x grids (MJ m−2 month−1) and ε (x, t)
is the actual radiation conversion efficiency at t months for x
grids (g C·MJ−1).

APAR x; tð Þ ¼ SOL x; tð Þ � FPAR x; tð Þ � α ð2Þ
where SOL is the global solar radiation at t months for x
grids (MJ m−2 month−1), FPAR is the absorption ratio of
the vegetation layer to the incident photosynthetically ac-
tive radiation, and the constant α is the ratio of the effec-
tive solar radiation in the vegetation to the total global
solar radiation.

ε x; tð Þ ¼ Tε1 x; tð Þ � Tε2 x; tð Þ �Wε x; tð Þ � εmax ð3Þ
where Tε1 (x, t) and Tε2 (x, t) are the temperature stress
coefficients, W is the water stress coefficient, and εmax is
the maximum radiation conversion efficiency (g C·MJ−1).
Their computation functions can be found in the refer-
ences (Zhu Zhu et al. 2007).

Model description of Rh estimation

The GSMSR (Yu et al. 2010; Zhan et al. 2012;) is driven by
monthly air temperature, monthly precipitation, and 0–20 cm
soil organic carbon (SOC) density. This model can capture
64% of the spatiotemporal variability of soil Rs in China.
The formula can be obtained after ascending dimension as
follows:

Rs;month ¼ 0:588þ 0:118� SOCDð Þ

� eln 1:83�e−0:006�Tð Þ�T�10 � P1 � 10þ 2:972ð Þ
� P1 � 10þ 5:657ð Þ � 30 ð4Þ

where Rs,month is the monthly total soil respiration and P1 is the
monthly total precipitation.

Rs ¼ −0:0009Rh
2 þ 0:6011Rh þ 4:8874 ð5Þ

where Rh is the monthly soil heterotrophic respiration (HR).
Shi (2015) obtained the polynomial relationship model

(formula 5) (R2 = 0.6668, P < 0.01) by performing regression
analysis based on the measured RS and Rh data in China,
which highly fitted to the original data. We used this model
to calculate HR.

Trend analysis of the NEP model

A unary linear regression analysis model based on generalized
least squares was used to simulate the linear trend between the
NEP and time. The overall variation trend of the time-series
data was reflected by the slope of model, which can be
expressed by the following equation (Ma et al. 2006):

Fig. 1 Location of the study area
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where Slope is the trend of the slope of the NEP in the study
area, n is the year span (n = 10 in this study), and NEPi is the
annual NEP for year i. A slope value exceeding 0 indicated
that the NEP increased over time, whereas a value lower than
0 denoted a decreasing trend. The significance level of the
variation trend was estimated by Pearson coefficients based
on the correlation analysis between the NEP and the years
(Luo et al. 2012).

NPP and HR validation

Accuracy test for the estimated NPP and HRwas made by two
methods in this paper: one is to compare with the measured
data (Table 1). The other one is to compare with the value that
simulated by other model (Fig. 2). A total of 234 data points in
2005 were selected to compare with the NPP value provided
by Resource and Environment Data Cloud Platform (http://
www.resdc.cn/) which simulated by the GLO-PEM model,
as the picture shows, NPP simulated by two models had a
good consistency (R2 = 0.69, P < 0.01). We also estimated
the Rs (soil respiration) of study area from April 2012 based
on the TP model (Raich et al. 2002), and then simulated HR
by using the model presented by Bong-Lamberty et al. (2010).
A total of 263 HR data points were selected for comparison
between two models (R2 = 0.4, P < 0.01), which shows
GSMSR model underestimated HR than TP model. As a re-
sult, an overestimation of NEP arose primarily from the lower
HR estimates.

DBF deciduous broad-leaved forest, GRA grassland, CUL
cultivated land, EBF evergreen broad-leaved forest, BS bare
land and sparse vegetation, SF shrub forest, MBF mixed
broadleaf-conifer forest

RDA variance decomposition

Redundancy analysis (RDA), an ordination analysis of eco-
logical data using Vegan (vegetation analysis) Package in R
(Oksanen et al. 2010), was performed to generate an intuitive
quantitative description of the impacts of different factors
(geographic position, terrain, meteorology, and soil and veg-
etation) on the NEP changes, which made up for the deficien-
cy of only exploring the response of NEP to environmental
factors in previous studies. Variance decomposition refers to
the correlation and multi-element regression analyses between
the NEP and the influencing factors. The influential gradient
force reflects the importance of influencing factors to the NEP.
For the quantitative analysis of the impacts of the different-
dimensional environmental variables on the vegetation carbon
sequestration efficiency in entire region, the average NEP in
10 years was used as the explained variable; longitude (LON),
latitude (LAT), elevation (DEM), slope (SLO), aspect (ASP),
temperature (TEM), rainfall (RF), solar radiation (RAD), veg-
etation index (NDVI), and soil organic carbon (SOC) were
used as the explanatory variables. Variance decomposition
and single-factor sequencing were performed to clarify the
extent of influence of the different environmental variable
groups on the vegetation carbon sequestration efficiency, as
well as the extent of influence of each single factor.

Results and analysis

Characteristics of inter-annual variation of vegetation
carbon sequestration

As shown in Table 2, NPP value in the tableland of the Loess
Plateau in the past 10 years was calculated by using the CASA
model. The total NPP ranged from 4.75 Tg C to 5.40 Tg C
during 2003–2012, with an average of 5.02 Tg C. The varia-
tion curve of the annual average NEP from 2003 to 2012 in the

Table 1 Comparison of simulated NPP/HR/NEP with previous studies

References EBF DBF GRA CUL MBF SF BS

NPP Zhu et al. 2007 407–1913 114–1669 231 239–760 257–717 364

Yuan et al. 2014 600–3500 250–2500 100–727 – 250–2500 4–1200 0–250

Sun and Zhu 2001 910–1340 250–700 150–240 – 250–1000 – –

Potter,1993 1027 315 180 288 316 469 115

This paper 425.13 427.42 336.16 391.57 429.76 359.79 123

HR Zhang et al. 2013 464.00 491.00 412.00 659.00 591.00 310.00 359.00

This paper 298.83 315.02 295.55 298.26 302.53 298.46 108.36

NEP Pang et al. 2012 41.60 57.50 17.50 31.80 24.20 41.70 0–20

Ren et al. 2017 – – 41.80 – – 45.40 –

Ma et al. 2017 79.00 62.00 – – 30.00 – –

This paper 126.29 112.40 40.61 93.31 127.23 61.33 14.64
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study area (Fig. 3) showed that over the entire period, the
variation of the NEP was consistent with that of the NPP.
Whether it is NPP or NEP, they all show a fluctuating growth
trend. The average NEP in the past 10 years was 88.86 g C·
m−2 a−1. The minimum (64.00 g C·m−2 a−1) and maximum
(118.87 g C·m−2 a−1) values were achieved in 2003 and 2010,
respectively, with a range of 54.87 g C·m−2 a−1. The total
annual NEP increased by 71% from 0.83 Tg C in 2003 to
1.42 Tg C in 2012.

Characteristics of the seasonal variations
of vegetation carbon sequestration

The monthly NPP and NEP of vegetation in the study area
were consistent the established variation trends (Fig. 4a). Two
peaks of NEP were observed in 1 year, which appeared in
May (30.61 g C·m−2 a−1) and August (27.81 g C·m−2 a−1),
respectively. The NEP in these 2 months accounted for
65.74% of the total annual NEP. The lowest NEP (− 7.34 g
C·m−2 a−1) was recorded in February, accounting for 8.26% of
the total annual NEP. The NEP inMarch–September was gen-
erally positive, indicating that the local vegetation ecosystem
was a carbon sink during this period, and the carbon seques-
tration of the vegetation was higher than the microbial respi-
ration of the soil. The NEP in October–February of the fol-
lowing year was negative, indicating that the local vegetation
ecosystem was a carbon source during this period, and the
carbon sequestration of the vegetation was lower than the

microbial respiration of the soil. As shown in Fig. 4a, the
average NPP and NEP declined sharply in June, although
the reduction of the NPP (39.73%) was significantly lower
than that of the NEP (93.40%). Such variations of the monthly
NPP and NEP can be explained as follows: the tableland of the
Loess Plateau is a major grain supply center in Shaanxi prov-
ince, and the main land use (> 70%) is crop cultivation which
are mainly occupied by cereal crops, such as wheat and corn,
wheat is harvested from the end of May until middle June,
resulting in a drastic reduction of the vegetation coverage in
June. However, the microbial respiration of the soil (HR) is
increased as the temperature and soil water, from precipita-
tion, increased in this period, thereby a sharp reduction of the
NEP was observed. The inter-annual variation trend of the
monthly NEP is shown in Fig. 4b, which reflects the slope
of change for each month from 2003 to 2012. As revealed in
Fig. 4b, the NEP of the month increases annually, except for
those in April and September. The highest average growths
were recorded in May, June, and July; however, only in June,
the increment was significant. That is, the NEP significantly
increased in June (P < 0.05).

Variation characteristics of the carbon sequestration
efficiency of different vegetation types

The overall variation of the NPPwas similar to that of the NEP
for different vegetation types (Fig. 5a). The carbon sequestra-
tion capacity of different vegetation types in the region

Fig. 2 Comparison of simulated
NPP/HR with the value simulated
by other model

Table 2 The characteristics of NPP changes during 2003–2012

Statistics NPP in different years(g C·m−2 a−1) 10 year average

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Min 70.10 118.64 101.27 122.61 102.54 133.24 119.27 133.15 103.88 137.88 114.26

Max 631.94 685.23 787.23 807.68 718.01 708.89 696.21 770.23 730.88 717.58 725.39

Mean 368.23 390.29 378.30 393.72 367.58 383.98 396.00 418.21 380.44 402.93 387.97

Std 80.96 73.80 101.07 94.95 68.29 69.40 89.98 87.59 112.33 78.05 85.64

Total NPP (Tg C) 4.76 5.04 4.89 5.09 4.75 5.00 5.12 5.40 4.91 5.20 5.02
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presented obvious hierarchical variations (Fig. 5a) that can be
classified into three categories. The first category comprised
mixed broadleaf conifer forest, evergreen broadleaf forest, and
deciduous broad-leaf forest, which had annual average NEPs
of 127.23, 126.29, and 112.40 g C·m−2 a−1, respectively. The

second category consisted of cultivated land (93.40 g C·
m−2 a−1) and shrub forest (61.33 g C·m−2 a−1). The third cat-
egory included grassland (40.61 g C·m−2 a−1) and bare land
and sparse vegetation (14.64 g C·m−2 a−1); this category dem-
onstrated extremely poor carbon sequestration. In terms of
carbon sequestration capacity, the different vegetation types
can be ordered as follows: mixed broadleaf-conifer forest >
evergreen broad-leaved forest > deciduous broad-leaved for-
est > cultivated land > shrub forest land > grassland > bare
land and spare vegetation. The NEP of all vegetation types
continuously improved, except for that of the shrub forest
(Fig. 5b). The highest growth rate was achieved by deciduous
broadleaf forest (annual growth rate of 7.89 g C·m−2 a−1,
P < 0.01), followed by mixed broadleaf conifer forest (annual
growth rate of 5.37 g C·m−2 a−1, P < 0.01). The NEP of shrub
forest sharply declined (P < 0.05), and the annual average re-
duction was 3.86 g C·m−2 a−1. The NEP growth trends of the
other vegetation types were insignificant because portions of
cultivated land, grassland, and shrub forest were converted

Fig. 5 Mean annual NEP and NPP (a), variation trend of NEP (b) for
different vegetation types from 2003 to 2012 in the tableland of Loess
Plateau. DBF: deciduous broad-leaved forest; GRA: grassland; CUL:
cultivated land; EBF: evergreen broad-leaved forest; BS: bare land and
sparse vegetation; SF: shrub forest; MBF: mixed broadleaf-conifer forest.
* express significance at the 0.05 levels; ** express significance at the
0.01 levels

Fig. 4 Seasonal variation of NEP, NPP, and HR (a), slope of NEP change
for each month from 2003 to 2012 (b) in the tableland of Loess Plateau. *
significance at the 0.05 levels

Fig. 3 Interannual variation of vegetation NEP during 2003–2012 in the
tableland of Loess Plateau
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into forest at the end of twentieth century in response to affor-
estation and GTGP. In addition, the canopy coverage of the
forest expanded as the trees aged, thereby further increasing
the local vegetation coverage. In other words, the variation
trend of the NEP reflected the increasing carbon sequestration
capacities of the different vegetation types.

Overall spatial distribution of vegetation carbon
sequestration

The overall spatial distribution of vegetation carbon seques-
tration efficiency in the study area was obtained from the
average NEP in 2003–2012 (Fig. 6b). A positive value indi-
cated that the vegetation ecosystem was a carbon sink, where-
as a negative value implied that the vegetation ecosystem was
a carbon source. In general, the NEP presented a significantly
uneven spatial distribution; high in the southwest and low in
the northeast. Carbon sinks were mainly concentrated in the
Baoji tableland, the southern central area of the Xianyang
tableland, as well as the northwestern and northern areas of
the Weinan tableland, all of which covered 86.29% of the
study area. Carbon sources were distributed mainly in the
middle of the Weinan tableland, the Tongchuan tableland,
the Xi’an tableland, and the northern area of the Xianyang
tableland, all of which covered 13.71% of the study area.

The areas with NEPs exceeding 200 g C·m−2 a−1 accounted
for 7.08% of the study area and were mainly concentrated in
the belt of the deciduous broad-leaved forest in the southwest
side of the Baoji Tableland, and the border between the Baoji
and Xianyang Tablelands (Fig. 6a, b). The areas with NEPs in
the range of 0–100 g C·m−2 a−1 and 101–200 g C·m−2 a−1

occupied 41% and 38% of the study area, respectively, spread-
ing across the entire tableland of the Loess Plateau. The areas
with NEPs lower than 0 g C·m−2 a−1 accounted for 13.71%
and were mainly located in the construction land of the
Weinan tableland, the Tongchuan tableland, the northern re-
gion of the Xianyang tableland, and the northern central re-
gion of the Xi’an tableland.

Inter-annual tendency of spatial variations
of vegetation carbon sequestration

The variation trend of each pixel in the tableland of the Loess
Plateau in 2003–2012 was calculated by unary linear regres-
sion analysis (Fig. 6c). Approximately 76% of the study area
presented a steady increase in the NEP during the period. The
annual NEP growth rate, which was in the range of 1–10 g C·
m−2 a−1 comprised 63.24% of the total area, of which only
17.2% were statistically significant (Fig. 6d). The increased
NEP areas were mainly located in the northeastern and

Fig. 6 The main land-use types in the tableland of Loess Plateau (a). Spatial distribution of average NEP in the tableland of Loess Plateau (b); variation
trend of annual NEP (c); and significance of variation trend (d) in the tableland of Loess Plateau during 2003–2012
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southwestern regions of the Weinan tableland, the northern
region of the Xianyang tableland, and the central region of
the Baoji tableland, where deciduous broad-leaved forest
and cultivated land were the dominant vegetation types. By
contrast, areas with reduced NEPs accounted for only 24% of
the total area. The NEPs of the majority of the areas were
decreased by − 15–0 g C·m−2 a−1; only 2.4% of the areas
experienced sharp reductions of the NEP. These areas were
mainly located in the grassland region of the Weinan table-
land, the evergreen broad-leaved forest region of the
Xianyang tableland, the northern construction region of the
Xi’an tableland, and the western region of the Baoji tableland,
which were close to construction lands.

Influencing factors

Figure 7 shows the extent of influence of the different variable
groups on the spatial variation of the NEP, as well as their
interaction and independent effects. X1, X2, X3, and X4 rep-
resented the geographic location (LON and LAT), the terrain
factors (DEM, SLO, and ASP), the meteorological factors
(TEM, RF, and RAD), and soil and vegetation factors (SOC
and NDVI). The total explanatory ability of these variables on
the NEP variation was about 91%, suggesting that some of the
information(y) remained unknown and needed further inves-
tigation. Among the explained variables, soil and vegetation
factors(X4) presented the strongest explanatory ability.
Approximately 57% of the spatial variations of the NEP were
independently caused by NDVI and SOC. Geographic
location(X1) had the second strongest explanatory ability.
Approximately 6% of the spatial variations were independent-
ly caused by LON and LAT. Meteorological factors (X3) had
an explanatory ability of 4%, and terrain factors (X2) had the
weakest explanatory ability. Only 2% of the variations were
independently attributed to DEM, SLO, and ASP. Therefore,
the spatial distribution of the NEP was most sensitive to soil

and vegetation factors and least sensitive to the other three
types of environmental factors. This finding was reflected by
small overall differences of the rest of the environmental var-
iable groups in the study area. Therefore, the environmental
variable groups can be ordered in terms of explanatory ability
as follows: soil and vegetation factors > geographic location >
meteorological factors > terrain factors.

Interaction effect refers to the explanatory ability of
coupled environmental variables for the NEP distribution.
As shown in Fig. 6, the geographic location, meteorological
factors, and soil and vegetation factors cooperated well, pre-
senting interaction effect of 13%. Geographic location, terrain
factors, and soil and vegetation factors presented an interac-
tion effect of 5%. Geographic location, terrain factors, and
meteorological factors had interaction effect of 2%.
Geographic location and soil and vegetation factors had an
interaction effect of 2%.

Table 3 provides the significance test results and impor-
tance order of the environmental variables. The explanatory
ability of NDVI was 53.56% with a strong significance at the
0.001 levels, indicating that it was the primary decisive factor
of the NEP variations. The explanatory abilities of LAT, LON,
and RF were 18.09%, 11.43%, and 8.33%, respectively, and
were close to the 0.001 significance levels, reflecting their
importance in the NEP variation. The explanatory abilities
of DEM, SLO, and SOC were lower than 3% and passed the
significance test at the 0.001 levels. The explanatory abilities
of TEM, RAD, and ASP were lower than 1% and were below
the significance levels. In particular, the explanatory ability of
ASP was only 0.0064%. In order to find out the further effects
of influence factors on NEP, we did a simple correlation anal-
ysis (Table 4). As we can see, only RF and NDVI made pos-
itive driven actors.

X1, X2, X3, and X4 represented the geographic location
(LON and LAI), the terrain factors (DEM, SLO, and ASP), the
meteorological factors (TEM, RF, and RAD), and soil and
vegetation factors (SOC and NDVI), respectively.

Discussion

Temporal variations of carbon sequestration
efficiency

The vegetation carbon sequestration in the study area
strengthened every year with an annual growth rate of
3.65 g C, despite having violent fluctuations (Table 2,
Fig. 3), which agreed with the conclusion of Pan and
Wen (2015). Research has showed that the negative NEP
appeared in some areas of Loess Plateau for the period
1981–1998 by Cao et. al (2003), which differed from our
findings. In previous studies, land cover/land use changes
(e.g., deforestation and afforestation) have a significant

Fig. 7 Effects of different influencing variable sets on NEP in the
tableland of Loess Plateau
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impact on changes of carbon stocks in terrestrial ecosys-
tems (Pan et al. 2015; Tian et al. 2011; Tao et al. 2007).
Furthermore, given that cultivated land is the major land
use type (70%) in study area. The fluctuations in the inter-
annual carbon sequestration of the cultivated land were
caused by changes in the crop planting area and yield of
that year, which in turn resulted from the fluctuations in
the price of agricultural products. The reductions in corn
and wheat yield in 2003 and 2007, respectively, were
major causes of agricultural carbon sequestration
reduction in those years; these findings were consistent
with the study of Wang and Nan (2012) on the carbon
source/sink of cultivated land in Shaanxi Province. The
price of agricultural products has been steadily increasing
since 2008 under market regulation and government su-
pervision, resulting in an intensified agricultural carbon
sequestration.

The NPP, NEP, and HR of vegetation in the study area
changed regularly on monthly time scale (Fig. 4a). The NEP
was positively correlated with NPP (R2 = 0.943), which indi-
rectly indicates that the NPP play the main driving role in the
carbon stocks in the northern China (Cao et. al 2003). The
variations consisted of the accumulation period of the NPP
(6.56–61.51 g C m−2 a−1, R2 = 0.927) and the NEP (− 5.59–
30.61 g C m−2 a−1, R2 = 0.893) in January–May, which was
manifested by the increasing trend of the NPP and the NEP,
while the consumption period in August–December, which
showed a decreasing trend (Fig. 4a). The NEP increased year
by year in the same month (Fig. 4b), except in April and
September because of the climate warming. Under the influ-
ence of low pressure in April and September of each year, the
cold and warm air will meet frequently in the tableland of
Loess Plateau, resulting in continuous rainy weather. As a

result, the local maximum precipitation usually does not occur
in summer but in April or September. In recent years, with
global warming, this phenomenon is more prominent, the di-
rect result is a decrease in NPP, while HR continues to
increase.

Carbon sequestration of different vegetation types
and inter-annual variation

Zhang and Zhou (2008) found that the variation features of
carbon sink were related to the vegetation type. Given Fig. 5,
among the different vegetation types in the study area, the
mixed broadleaf conifer forest presented the strongest carbon
sequestration with a significant growth trend (P < 0.01),
followed by evergreen broadleaf forest and deciduous broad-
leaf forest (P < 0.01). Although shrub forest exhibited a mod-
erate carbon sequestration capacity, the growth rate drastically
declined (P < 0.05). This finding was consistent with those of
Xu et al. (2009) and Hu et al. (2011). However, these conclu-
sions cannot be directly verified without the measurement data
of the NPP and the NEP for comparison in the study area.
Thus, the research data were compared with measurement
data for different vegetation types in the Chinese mainland
(Tao et al. 2003; Zhu et al. 2007; Yuan et al. 2014). The result
revealed that the NPP simulated by the CASA model was
within the range of the measurement data. Several NPP values
simulated by CASA were lower than the measurement data
possibly because of the differences in research data, study
period, model parameters, and model structure. Few measure-
ment data are available on the NPP and NEP of vegetation in
China, and these data are difficult to acquire. As such, uniform
standards and methods are difficult to establish for model
selection (Zhang and Zhu 2013). Future studies should discuss

Table 3 Effects of different
influencing variable sets on NEP Environmental variables Importance order r2 Proportion Pr(>r) z

NDVI 1 0.8357 53.56% 0.001 ***

LAI 2 0.2823 18.09% 0.001 ***

LON 3 0.1783 11.43% 0.001 ***

RAI 4 0.1300 8.33% 0.001 ***

DEM 5 0.0459 2.94% 0.002 **

SLO 6 0.0457 2.93% 0.006 **

SOC 7 0.0374 2.40% 0.006 **

TEM 8 0.0045 0.29% 0.559 ns

RAD 9 0.0004 0.03% 0.95 ns

ASP 10 0.0001 0.01% 0.991 ns

Table 4 Simple correlation between NEP and its influencing factors

LON LAT DEM SLO ASP TEM RF RAD SOC NDVI

NEP − 0.384** − 0.483** − 0.195** − 0.194** − 0.007 − 0.061 0.328** 0.019 − 0.176** 0.831**
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model fitting and verification based onmeasurement data, and
further explore the application range and differences of the
simulation data.

Spatial variations of carbon sequestration efficiency

According to the distribution of vegetation types in the table-
land of Loess Plateau (Fig. 6a), carbon sources were mainly
located in degenerated grassland and in urbanized and con-
struction concentrated areas. The vegetation carbon sequestra-
tion was relatively high in the region of forest ecosystems
(Fig. 6b), which contributed a large carbon storage during this
time, and consistent with the results of JianyongMa (Ma et al.
2017). Chuluun and Ojima (2002) stated that grassland degen-
eration is an important carbon source process. Negative or
lower NEP occurred in the Weinan tableland, Tongchuan ta-
bleland and Xianyang tableland, which comprised a large
grassland area, possibly because of the emphasis on affores-
tation and the contempt for grassland. Economic forest ac-
counts for excessive proportions, and grassland is being sig-
nificantly reduced. In addition, the average carbon emission in
Xi’an and the surrounding regions was higher than that in
other regions because of the high population density. These
finding also confirmed with the conclusions of Watson et al.
(2000) and Dragoni et al. (2011) that land coverage changes
are typically accompanied by abundant carbon exchange.
Moreover, Mabicka et al. (2014) and Zhang et al. (2014) re-
ported that increasing the vegetation coverage and changing
the land use types are effective measures for protecting soil
carbon pool. China has launched various national forestry
ecological construction projects in the BThree-North
Regions^ of China since the TNSFP was implemented in
1978. The key construction areas of these projects included
Tongchuan, Xianyang, most regions of Baoji and Weinan, as
well as one district and one county of Xi’an. The forest cov-
erage in Xianyang increased every year from 2003 to 2012 as
a result of the construction of a farmland shelterbelt network
of barren mountains and lands suitable for afforestation.
Furthermore, GTGP brought about considerable changes to
the ecological environment in the densely populated
Tongchuan, as revealed by the reduced carbon emissions,
the increased NEP of vegetation, and the reduced carbon
sources. However, the comprehensive conversion of farmland
into forests or grassland is challenged by the scattered distri-
bution of GTGP project, remarkable differences in the natural
geographical conditions, and imbalanced economic develop-
ment. These challenges cause the slow or even negative
growth of vegetation carbon sequestration efficiency.
Nevertheless, carbon emissions in the study area are not fixed,
given Fig. 6c, the vegetation carbon sequestration capacity of
evergreen broad-leave forest and cultivated land was
diminishing, and the carbon release by the main carbon
sources in the grassland area was reduced over time, there

was even a significant increase (P < 0.05) in some areas(Fig.
6d). Overall, the local vegetation coverage stabilized gradual-
ly from fluctuation, and the carbon sink capacity gradually
stabilized.

Relationship between vegetation carbon
sequestration and the influencing factors

The NEP of the vegetation in the study area was jointly influ-
enced by geographic location, the terrain, the meteorological,
and soil and vegetation factors, which were consistent with the
study of Kljun et al. (2007). NDVI was the most dominant
influencing factor (R2 = 0.8357, P < 0.001). The relationship
between NEP and NDVI implied that vegetation carbon sinks
were sensitive to vegetation density. That is, a higher vegeta-
tion density corresponded to a stronger carbon sequestration,
the results were also suggested by Tang et al. (2013) and
Mekonnen et al. (2016). The NEP was positively correlated
with the RF as the second most dominant influencing factor
(R2 = 0.13, P < 0.001) of the NEP while the TEM was insig-
nificant to the NEP. In view of the interactions among the
influencing factors, temperature might indirectly influence
the spatial variation of the NEP through vegetation growth
(Hazarika et al. 2005; Nayak and Patel 2010; Mabicka et al.
2014; Liu et al. 2015; Zhou et al. 2017). The temperature in
the study area was stable. Tao et al. (2006) and Ma et al.
(2013) reported that the NEP in north China was mainly de-
termined by RF and was hardly related to the temperature.
China’s terrestrial carbon uptake would increase with the wet-
ter climate, not with the warming climate (Cao 2003). The
study area was close to the semi-arid region in northwest
China, which experienced frequent precipitation shortage.
As such, water was an important limitation factor of the
NEP, which was also confirmed with the conclusion of Li
et al. (2017) and Tian et al. (2017). Ito (2008) stated that the
annual changes in temperature and solar radiation were the
main reasons for the inter-annual changes in the carbon budget
in East Asia. Adequate solar radiation is available in the ta-
bleland of the Loess Plateau, making it insensitive to solar
radiation. Thus, the variations of the vegetation carbon se-
questration in the study area mainly resulted from geographic
space differences. LAT and LON were negatively correlated
with the NEP of vegetation (Table 3, Table 4). In particular,
the vegetation carbon sequestration significantly declined as
the LAT was increased (R2 = 0.28, P < 0.001). This finding
agreed with the conclusion of Zhang et al. (2015).
Moreover, the decomposition rate of the SOCmust be reduced
to increase the carbon sinks of the terrestrial ecosystem (Xu
et al. 2009), as verified by the relationship between the SOC
and NEP of vegetation. The decomposition rate of the SOC
directly determined the soil respiratory rate. The NEP of veg-
etation was affected by the excessively high decomposition
rate of the SOC, thus weakening the carbon sequestration. The
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terrain factors were closely related to the vegetation carbon
sequestration, a result also suggested by Gong et al. (2017).
The NEP of vegetation was negatively correlated with the
DEM and the SLO (Table 3, Table 4). Given that the study
area was mainly concentrated in plain and agricultural areas,
agricultural activities had poor adaptability to places with high
elevations and large slopes. No obvious relationship was de-
tected between the SLO and the vegetation carbon sequestra-
tion. Further studies and discussions are necessary to confirm
these findings. To sum, the vegetation carbon sequestration in
the tableland of the Loess Plateau was the joint effect of mul-
tiple factors. Given that the NEP is the difference between the
NPP and the HR, its variation is complex.

Conclusions

Based on the CASA model and the GSMSR model, we esti-
mated the spatial-temporal patterns of the vegetation NEP in
the tableland of Loess Plateau for the period of 2003–2012.
The results showed that the study area was carbon uptake and
had a significantly uneven overall spatial distribution. The
vegetation carbon sequestration generally increased in a fluc-
tuational manner because of the impacts of the growth status.
A series results showed that great progress had been made in
local ecological restoration, the growth trend of the vegetation
in the study area was improved continuously, and the terres-
trial vegetation ecosystem was restored.

We further found that carbon sequestration capacity of ter-
restrial ecosystems was related to vegetation cover types, es-
pecially the high carbon uptake capacity of forest ecosystems,
but low in construction area. The high carbon sequestration
capacity of forest ecosystems and carbon footprint expansion
caused by grassland degradation indicates that measures such
as afforestation and returning farmland to forests (grassland)
have important ecological significance for local carbon bal-
ance. Furthermore, the carbon sequestration capacity of veg-
etation is also promoted or inhibited by single or multiple
factors, such asgeographic position, terrain, meteorology,
and soil and NDVI.
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