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Abstract: Net primary productivity (NPP) of vegetation is considered an important indicator for
ecological stability and is the main object for analyzing the factors influencing the terrestrial carbon
cycle. Recent studies have made clear the changes in the NPP of vegetation and its influencing
factors at various scales. However, the variations in NPP based on different land cover types under
various natural conditions, along with their driving factors, remain not well understood. In this
study, spatial overlay analysis was used to investigate the link among climatic, soil moisture (SM),
and topographic parameters and NPP of various land cover types after analyzing the spatial and
temporal trends of NPP in the Songnen Plain from 2001 to 2020. Additionally, the contribution
of each influence factor to the NPP of different land cover types was calculated using the elastic
net regression model. The elastic net regression model eliminates the multicollinearity among the
influencing factors while maintaining the model stability, and the R2 of all lands is greater than 0.62,
which can effectively quantify the contribution of each influencing factor to NPP. The results show
a continuously increasing trend of the overall NPP in the research area over the selected 20 years,
and NPP increased most significantly in forest land (FOR). Precipitation (PRE) and NPP showed
high correlations in all the different land cover types, while the correlations between NPP and other
influencing factors were significantly different. In addition, we found that perennials led to a more
significant degree of NPP enhancement, and the effect of topographic conditions on NPP was mainly
reflected in differences in moisture conditions due to surface runoff. From the results of the modeling
calculations, the cumulative contribution of PRE to NPP ranks first in all land types and is the
most vital influencing factor of NPP in the Songnen Plain. SM was an important influence, but the
contribution of NPP was greater in land classes with shallow root systems. The results of the study
revealed the positive transformation relationship of NPP among land cover types in ecologically
fragile areas, which provides a reference for ecological restoration and rationalization of land use
structure in zones such as intertwined agricultural and pastoral zones.

Keywords: vegetation NPP; land cover types; trend analysis; influencing factors; Songnen Plain

1. Introduction

Overwhelming anthropogenic CO2 emissions lead to aggravated global warming
effects [1], frequent extreme climatic events and natural disasters, ecological environment
deterioration [2,3], and natural resource depletion. Under such circumstances, maintaining
the global carbon balance is an urgent necessity [4]. The Paris Agreement was officially
adopted at the 21st session of the United Nations Climate Change Conference in response
to issues arising from carbon imbalance. The objectives of the document lie in the carbon
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sink capacity enhancement of global ecosystems and anthropogenic carbon emission coun-
teraction via carbon sequestration of plants [5–7]. Net primary productivity (NPP) is the
total amount of organic matter accumulated by plants per unit of time and space, serving as
the energy taken up by plants for growth and reproduction [8,9]. It is also a direct indicator
of carbon sequestration capacity and the changes in the ecological environment [10]. In this
sense, studying the spatiotemporal distribution and dynamics of vegetation NPP and its
driving forces is of great significance to achieve ecosystem restructuring and stability, thus
attracting wide interest from researchers [11].

In traditional ecological studies, the field-testing methods for estimating vegetation
NPP include direct harvesting techniques, photosynthesis measurement, and CO2 mea-
surement [12,13]. Although these methods can provide accurate raw data, they are not
readily adopted over large areas due to deficiencies such as poor timeliness, limitations in
the range scale by the number and distribution of observation stations, and irrecoverable
vegetation depletion [14]. With the rapid development of aerospace and remote sensing
technology, remote sensing imagery data have gradually become an important means for
monitoring terrestrial ecological environments due to their recording characteristics of
long-term, macroscopic, and periodic monitoring [15,16]. In this sense, the range limita-
tion of field-testing methods can be solved by establishing estimation models with the
combination of remote sensing data, providing a fast and effective way to monitor large-
scale vegetation NPP [14,17,18]. The vegetation NPP estimation models can be broadly
classified into statistical, parametric, and process models [19–21]. These three types of
models were established sequentially from perspectives of climate, light energy utilization,
and biogeochemical cycles, and the effective calculation at a global scale was achieved by
combining remote sensing data of WorldView, Landsat, MODIS, and NOAA [22,23]. For
example, the National Aeronautics and Space Administration (NASA) MOD17 product
uses the BIOME-BGC model to simulate global vegetation NPP by quantifying the effective
range of biomes and climate-induced shifts and distinguishing total vegetation produc-
tion and autotrophic respiration processes, thereby avoiding the complexity of canopy
micrometeorology and carbon balance theory [24–26]. These datasets have been validated
and applied in investigations in different regions of the world. Researchers have obtained
numerous results globally and locally by revealing the trends of NPP through modeling
methods [27–29].

In the context of global climate change, owing to differences in characteristics such
as geographical location, ecosystems have different responses to changes in temperature
(TEM) and hydrological conditions depending on the region [30–33]. This distinct feature
restricts the carbon sequestration potential of vegetation, resulting in large differences
in the response of terrestrial NPP to climate change worldwide. Over the past 20 years,
the global NPP generally displayed an increasing trend with significant improvements in
tropical rainforests in Africa [34], subtropical regions [35], and the alpine Tibetan Plateau in
China [36]. In contrast, the vegetation NPP monitored in Southeast Asia [37], western Ama-
zonian tropical rainforests [37], temperate desert-steppe in Inner Mongolia of China [38],
and semi-dry grasslands in Australia showed a decreasing trend [39]. Gang et al. found
that the main changes in grassland NPP were positively correlated with precipitation (PRE)
after comparing the analyses of grassland NPP in China, North America, Europe, and
Australia from 1981 to 2010 [10]. Zhou et al. proposed that potential natural vegetation
NPP in China was influenced by topographic factors [40]. Liu et al. observed a significantly
increasing trend of vegetation NPP on the Tibetan Plateau from 2000 to 2020, with a growth
rate of 1.67 gC·m−2·a−1, mainly due to a warming and humidifying climate [41]. After
studying the vegetation NPP of the Yellow River Basin between 2000 and 2015, Zhang
et al. commented that the vegetation NPP of the basin had regional differences and was
significantly influenced by climatic factors, urbanization, and human activities such as land
restoration [42].

From the previous literature, it can be concluded that the influencing factors of ter-
restrial vegetation NPP are complex and may be affected by climate warming and hu-
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midification, droughts and floods, topographic evolution, and changes in land use types
such as urbanization or reforestation due to human activities. The natural conditions in
various regions are significantly different, leading to differences in the main factors of
NPP changes. The effects of climate and topography on the variations brought by NPP
at different temporal and spatial scales have been extensively studied in general [43–48].
Meteorological, topographic, and soil moisture (SM) conditions vary greatly under different
land cover types and have significant effects on vegetation CO2 uptake efficiency, and the
land cover types will affect the NPP variability. In this sense, clarifying the spatial and
temporal trends and drivers of NPP under various land cover types can help understand
the roles of different land types in the carbon cycle of terrestrial ecosystems.

The Songnen Plain of China is chosen as the research area in this paper. This area is
a typical agro-pastoral transition zone, with a fragile ecological environment and severe
vegetation degradation with a long-term contradiction in the coordinated development of
agricultural and pastoral land. Discussion on the spatiotemporal variations in NPP and
its driving factors according to varying land cover types is of great practical significance
for ecological pattern adjustment and sustainable development of Songnen Plain [49,50].
The objectives of this study are as follows: (1) to detect differences in spatiotemporal
variations of net primary productivity (NPP) among different land cover types; (2) to
compare the sensitivity of NPP to influencing factors across different land cover types;
(3) to quantify the contributions of influencing factors to NPP and determine the primary
driving factors for different land use types. The main contribution of this study lies in
exploring the spatiotemporal variations and driving mechanisms of NPP in different land
types of the Songnen Plain from a more comprehensive perspective, considering factors
such as photosynthesis, water stress, and terrain differences. This research provides a
basis for decision-makers to implement targeted land use adjustments and environmental
restoration measures.

2. Materials and Methods

With the differences in water stress caused by climate change, photosynthesis, and
vegetation growth environment brought by geomorphology as the perspective, we select
the MOD17A3HGF product as the data source to analyze the spatial and temporal variation
characteristics of NPP under various land cover types in the study area and to probe into
the influencing factors. Specifically, this study first analyzed the spatial and temporal
variation characteristics of NPP for different land cover types from 2001 to 2020. Secondly,
the correlation between NPP and various land cover types considering factors such as
TEM, PRE, sunshine hours (SUN), evaporation (EVA), slope, and SM was found. Finally, a
driving force model was built based on the elastic net algorithm quantitative analysis of
the contributions of various influencing factors to NPP, the main driving factors of NPP
under different coverage types were clarified, and the transformation relationship of NPP
among different land classes was found (Figure 1).

2.1. Study Area

The Songnen Plain (43◦36′–49◦26′ N, 121◦21′–128◦18′ E) is located among the Dax-
ing’an and Xiaoxing’an Mountains, the Changbai Mountain Range, and the Song-Liao
Watershed in northeastern China, with a total area of about 187,000 km2, mainly formed by
the alluvial deposits of the Songhua and Nenjiang rivers (Figure 2). The Songnen Plain can
be divided into three geomorphic units: the eastern uplifted area, the western plateau area,
and the alluvial plain area. The piedmont plateaus are distributed to the east, north, and
west, with elevations ranging from about 180 to 300 m. The alluvial plain area, on the other
hand, has elevations ranging from 110 to 180 m, with a flat and expansive topography. The
study area is located in a semi-arid and semi-humid transition zone at high latitudes in the
eastern part of the Asian continent, with a typical continental monsoon climate character-
ized by distinct seasons, high temperature and rain in summer, cold and dry climate in
winter, and short and rapid temperature changes in the two transitional seasons of spring
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and autumn [51]. The annual average temperature gradually increases from north to south,
and the temperature contour shows a clear dimensional zonal distribution; the annual
precipitation is 400–600 mm, gradually decreasing from east to west; the period from June
to August is the flood season, with concentrated and extreme rainfall (60%–80% of the
annual precipitation) [52]. It serves as an important black soil area, wetland concentrated
distribution area, and commercial grain base in China.
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Plain; (b) geographical distribution of Songnen Plain major land cover.

2.2. Data Sources

The dataset used in this study is shown in Table 1.

Table 1. Data Source Information Table.

Data Type Data Name Temporal
Resolution

Spatial
Resolution Data Source Year Note

NPP data MOD17A3HGF 8-day and
annual

synthetics

500 m https://lpdaac.usgs.gov/
(accessed on 7 August

2023)

2001–2020

Land cover
data

Landsat 7 ETM 16-day 30 m https://earthexplorer.
usgs.gov/ (accessed on 7

August 2023)

2001–2013 All land cover data are
derived from data with
cloud cover less than 5%

from Jun to Sept

Landsat 8 OLI 16-day 30 m 2014–2020

Meteorological
data

China Surface
Meteorological

Observation
Historical Data Set

Monthly - http://www.nmic.cn/
(accessed on 7 August

2023)

2001–2020 Meteorological data
include PRE (mm), TEM
(◦C), SUN (h), and EVA

(mm) for 40 meteorological
stations in and around the

Songnen Plain

Soil
moisture

data

CPC Soil Moisture
V2

Monthly 0.5◦ × 0.5◦ http://www.esrl.noaa.
gov/psd/data/gridded/

data.cpcsoil.html
(accessed on 7 August

2023)

2001–2020

Terrain data NASADEM - 30 m https://search.earthdata.
nasa.gov/ (accessed on 7

August 2023)

-

https://lpdaac.usgs.gov/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
http://www.nmic.cn/
http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html
http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html
http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html
https://search.earthdata.nasa.gov/
https://search.earthdata.nasa.gov/
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2.2.1. NPP Data

The vegetation NPP data were obtained from the NASA EOS/MODIS dataset of
MOD17 NPP products for 2001–2020 (https://lpdaac.usgs.gov/ (accessed on 7 August
2023)). The temporal resolution is 8 days and annual synthetics, and the spatial resolution
is 500 m. MOD17A3HGF version 6.0 is an improvement of MOD17A3 based on the BIOME-
BGC and light energy utilization models [27,53–55]. NPP values were simulated using
the new Biome specified Parameters Look-Up Table (BPLUT) and the latest version of
the Global Modeling and Assimilation Office (GMAO) daily meteorological data, further
improving NPP estimation accuracy. It integrates a light use efficiency logic to estimate the
gross primary productivity equation using remotely sensed vegetation information and a
maintenance and growth respiration module to derive the NPP equation.

GPP = LUEmax × fTmin × fvpd × 0.45× SWrad × FPAR (1)

NPP = GPP− RM − RG (2)

where GPP denotes the gross primary productivity, LUEmax is the maximum light use
efficiency, regulated by fTmin and fvpd, to address water stress (Tmin) and vapor pressure
deficit (VPD) caused by low temperature. SWrad stands for the short-wave solar radiation
load, 45% of which is for photosynthetic activity. FPAR represents the percentage of
absorbed photosynthetically active radiation. RM is used by vegetation to maintain its
respiration and is estimated from the leaf area index (LAI) [56,57], climate data, and biome-
specific parameters. RG indicates the energy cost of organic compounds fixed by vegetation
for its growth respiration, calculated as a function of the maximum annual LAI. According
to the calculation principle, the land types with low vegetation cover lack the conditions to
form NPP, and those with vegetation cover were selected as the study object in combination
with the land use situation of the Songnen Plain.

2.2.2. Land Cover Data

This paper utilizes the Landsat series of remote sensing data from the United States
Geological Survey (USGS) Earth Explorer (https://earthexplorer.usgs.gov/ (accessed on
7 August 2023)). Landsat-based remote sensing data were used to extract information on
land cover types. The data comprise two types: Landsat 7 ETM (2001–2013) and Landsat
8 OLI (2014–2020). Remote sensing images with consistent high vegetation coverage
during the period from June to September each year and with cloud cover below 5% were
selected. Orthogonal signal correction, layer overlay, sharpening, etc. were performed
on the extracted images. By combining the characteristics of MOD17 data with the actual
distribution in the Songnen Plain area using the land cover data classification system, the
land cover types were classified into five types: forest land (FOR), grassland (GRA), swamp
(SWA), dry land (DRY), and paddy field (PAD). Dry land refers to cultivated land without
irrigation facilities, primarily relying on natural precipitation to grow drought-resistant
crops. Based on the characteristics of colors and textures presented in the images, the
remote sensing automatic classification markers of different ground cover types were
established. Based on a geographical information system platform and by using the
automated classification method, major land cover data in the Songnen Plain were obtained
(Figure 2b, taking 2020 as an example).

2.2.3. Influencing Factor Data

To further explore the factors affecting the spatial and temporal variations in NPP,
TEM, PRE, SM, slope, and elevation were selected as the influencing factors of NPP. Me-
teorological data were obtained from the National Meteorological Information Center of
China (http://www.nmic.cn/ (accessed on 7 August 2023)), involving PRE (mm), TEM
(◦C), SUN (h), and EVA (mm) for 40 meteorological stations in and around the Songnen
Plain from 2001 to 2020. SM information was acquired from the National Oceanic and

https://lpdaac.usgs.gov/
https://earthexplorer.usgs.gov/
http://www.nmic.cn/
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Atmospheric Administration of the United States (http://www.esrl.noaa.gov/psd/data/
gridded/data.cpcsoil.html (accessed on 7 August 2023)) using a global observed PRE- and
TEM-driven land surface process model. The spatial resolution is 0.5◦ × 0.5◦, the temporal
resolution is at monthly and annual scales, and the vertical layer is 1 layer (0–160 cm). The
information has a long time series and a good simulation of the seasonal and interannual
variability characteristics of SM. The considered terrain feature data were collected from
NASA Earthdata (https://search.earthdata.nasa.gov/ (accessed on 7 August 2023)), which
provides 30 m spatial resolution digital elevation model (DEM) data covering land globally.
The considered terrain feature data mainly include two types: elevation data and slope
data. According to the spatial resolution of the NPP data, all influencing factors are uni-
formly resampled to 500 m after pre-processing, such as projection transformation, spatial
interpolation, clipping, and shearing. All the influencing factor data were resampled to a
uniform resolution of 500 m.

2.3. Methods
2.3.1. Trend Analysis

In this study, the variation trend of NPP by pixels was analyzed using the Theil–Sen
median. The Theil–Sen median is a robust non-parametric statistical method for trend
calculation, which is insensitive to outliers and requires limited priori information on
measurement errors [58]. Compared with Sen’s slope method commonly used in previous
studies, the Theil–Sen median can more effectively avoid the influence of outliers when
there are fewer sample points [59,60]. The above equation is:

K = Median
NPPj − NPPi

j− i
(1 < i < j < n) (3)

where K—slope, NPPj and NPPi—the annual average values of NPP in years i and j. When
K < 0, it means that NPP has a decreasing trend during the study period, and when K > 0,
it means that NPP has an increasing trend during the study period.

2.3.2. Significance Test

The Mann–Kendall test is a non-parametric test that can effectively avoid the effects
of missing data and outliers on the results. It is usually used to test the significance of
trends in long time series and has been widely used in meteorological, hydrological, and
vegetation studies [61–63]. Its calculation method is as follows:

Assuming that NPP = (NPP1, NPP2, . . . , NPPn) is a time series variable, the test
statistic Z is calculated as:

Z =


S−1√
Var(S)

, (S > 0)

0 , (S = 0)
S+1√
Var(S)

, (S < 0)
(4)

S =
n−1

∑
i=1

n

∑
j=i+1

sgn(NPPj − NPPi) (5)

sgn(NPPj − NPPi) =


1, NPPj − NPPi > 0
0, NPPj − NPPi = 0
−1, NPPj − NPPi < 0

(6)

Var(s) = [n(n− 1)(2n + 5)]/18 (7)

where n is the study period (20 years: 2001–2020), NPPj and NPPi are the sequence numbers
of pixels, α is the confidence level, and Z(1−α)/2 is the standard normal variance. When
|Z| ≥ Z(1−α)/2, the α confidence level is set at 0.01, 0.05, and 0.1 to indicate that the trend
of change passed the significance test [64].

http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html
http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html
https://search.earthdata.nasa.gov/
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2.3.3. Correlation Analysis

Pearson correlation coefficients (PCCs) were utilized in Matlab 9.1.0 R2016b to calculate
the correlation coefficients of NPP with each meteorological factor and each image of soil
water. Pearson correlation analysis is suitable for detecting the presence of a correlation
between two continuous variables [65]. The equations are as follows:

R =

n
∑

i=1
[(xi − x)(yi − y)]√

n
∑

i=1
(xi − x)2

[
n
∑

i=1
(yi − y)2

] (8)

where n is the study period (2001–2020, 20 years) and i is the number of years; xi, yi are the
values of the two variables x, y in year i; x, y are the average values of the two factors in
year n.

2.3.4. Elastic Net Regression

The variable selection method of elastic net was first proposed by Zou and Hastie
in 2005 [66]. The basic principle is to control the model learning process by adding a
restriction term to the minimization loss function to prevent data overfitting when dealing
with data with linear relationships [67]. The commonly used regularization methods are
L1 regularization and L2 regularization. L1 regularization (lasso regression) enhances the
generalization ability of the model by adding an L1 penalty to the coefficients, making
it possible to perform both continuous compression and automatic selection of variables,
which can make the coefficients of some features smaller. L2 regularization (ridge regres-
sion) prevents the problem of overfitting by finding the minimum of the loss function, and
can deal well with the parameter estimation problem in the presence of multicollinearity in
the independent variables, but does not refine the model and usually retains all predictor
variables in the model. In contrast, elastic net regression is a combination of L1 regular-
ization and L2 regularization, which essentially gives up the unbiasedness and partial
accuracy of the least squares method and seeks a less effective but more realistic regression
process, mainly by adding a penalty term to the loss function, so that the model can both
feature selection to avoid data redundancy and achieve overfitting prevention while the
model is stable. The mathematical expression of the elastic net regression theory model is
defined as follows:

y = β̂0 + β̂1x1 + β̂2x2 + · · ·+ β̂kxk + ε (9)

where x represents each influencing factor leading to NPP change, y represents the per-
centage of NPP change per unit area, β̂ represents the model regression coefficient, and ε
represents the random error of modeling. Based on the least squares principle, the elastic
net regression minimization objective function can be solved by adding the L1 and L2
regularization ideas, and its specific mathematical expressions are defined as follows:

The L1 regularization term is:

L1 = λρ‖w‖1 (10)

The L2 regularization term is:

L2 =
λ(1− ρ)

2
‖w‖2

2 (11)

The loss function is:

J =
N

∑
i=1

(
yi − wTxi

)2
+ λρ‖w‖1 +

λ(1− ρ)

2
‖w‖2

2 (12)
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The expression of the regression coefficient is:

β̂ = argmin

[
1
2

N

∑
i=1

(
yi − wTxi

)2
+ λρ‖w‖1 +

λ(1− ρ)

2
‖w‖2

2

]
(13)

where {xi, yi} is the sampled data, xi is the feature vector, yi is the corresponding dependent
variable, w is the feature weight vector, λ is the penalization factor, ρ is the elasticity factor.
ρ can regulate the proportion of lasso regression and ridge regression. When ρ = 0 the
above equation becomes lasso regression, when ρ = 1 the above equation becomes ridge
regression. In this paper, the trial-and-error method is used to calculate the parameters
λ and ρ, which take values in the interval of 0.01–0.99. The results showed that the loss
function J is minimized when λ = 0.30 and ρ = 0.45.

3. Results
3.1. Spatial–Temporal Variations of NPP in the Songnen Plain
3.1.1. Characteristics of Interannual Variability

Using the MOD17 data of Songnen Plain from 2001 to 2020, the characteristics of
annual mean NPP were statistically analyzed, the NPP range was divided into five lev-
els equidistantly according to the distribution of NPP values, and the distribution of
each interval was analyzed. It was demonstrated that the spatial distribution of NPP
varied significantly in the study area, showing an increasing trend from southwest to
northeast (Figure 3). The average value of NPP in the unit pixel is between 34.32 and
649.01 gC·m−2·a−1. The NPP low-value area (34.32–300 gC·m−2·a−1) accounts for 58.22%
of the total area, mainly concentrated in the southwestern central part of the study area. The
NPP high-value area (400–649 gC·m−2·a−1) occupies only 2.27% of the total area, centered
in the northeastern part.
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To investigate the temporal variation characteristics of NPP for various land cover
types, this study conducted an overlay analysis of national vegetation coverage data and
land use data. NPP was sorted by type of land cover, and the arithmetic mean NPP within
each land cover category per year was calculated. Figure 4 shows the interannual variation
trends of NPP on FOR, GRA, SWA, DRY, and PAD from 2001 to 2020. It can be seen that the
annual mean values of NPP differ significantly among the five land cover types, with FOR
having the largest value (364.02 gC·m−2·a−1) and the rest being DRY (312.66 gC·m−2·a−1),
PAD (304.79 gC·m−2·a−1), and SWA (304.14 gC·m−2·a−1) sequentially. The lowest annual
mean NPP is found in the GRA area, only 280.78 gC·m−2·a−1. The temporal changing
characteristics of NPP for various land cover types show a consistently increasing trend,
with the peak occurring in 2014. Among them, the most significant increasing trend of
NPP is observed in the FOR region with a growth rate of 8.47 gC·m−2·a−1, and the slowest
growth of NPP is seen in the DRY region with a growth rate of 5.47 gC·m−2·a−1.
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To examine the spatial variation of NPP, MOD17 data from 2001 to 2020 in the Songnen
Plain were employed, the trends of NPP were analyzed using the Theil–Sen median, and
the significance of these trends was tested using the Mann–Kendall trend test. α is defined
as the level of the significance test. α = 0.1, 0.05, and 0.01 correspond to |Z| ≥ 1.645,
1.96, and 2.576, indicating that the study series pass 90%, 95%, and 99% confidence tests
of significance, respectively. |Z| ≤ 1.645 suggests that the study series do not pass the
significance test with a 90% confidence level. The spatial distribution trends of NPP from
2001 to 2020 (Figure 5) show that 98.46% of the study area has an increasing trend of NPP,
and only 1.53% exhibits a decreasing trend, concentrated in the eastern and northwestern
part of the study area. Notably, 83.96% of the region with an upward trend in NPP passes
the significance test level of α = 0.01, showing a highly significant upward trend.
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3.1.2. Monthly Variation Characteristics

Based on the MOD17 data from 2001 to 2020, the spatial distribution of monthly mean
NPP over a 20-year period in the Songnen Plain was studied (Figure 6). The results showed
that there were significant differences in the spatial distribution of NPP from January to
December. The NPP values for January and December are the lowest monthly values
throughout the year, both being 0 gC·m−2/month. From February, only the southwestern
fringe of the Songnen Plain demonstrated a slight NPP growth. By March, the NPP values
increased over a large area, with high values still concentrated in the southwestern part.
A gradual transition from high NPP areas to the center and the northeast started in April.
The high values in May and June were maintained in the central and northeastern margins.
Significant increases are observed in July and August, exhibiting a trend of higher values
in the northeast and lower values in the southwest. Among these, July reaches the highest
NPP value for the entire year. The high-value areas shifted from north to south during
September and November and finally returned to the southwest in November.

To analyze the monthly NPP trends of various land cover types in the Songnen Plain
from 2001 to 2020, the NPP values of different land covers in each month in this period and
the variation value were measured. Figure 7 shows the variation trends of NPP for each
land cover type. The peaks of all land types occurred in July, among which PAD reached the
highest value of 26.61 gC·m−2/month, 4.78 gC·m−2/month higher than the lowest value of
GRA in the same period. Although the trends of the variation characteristics were similar
among the land classes, the monthly NPP increments vary significantly among different
land cover types (Figure 8). The growth of FOR from January to June remained the highest,
with the most prominent increase in May. It was only in June that a significant increase was
seen in the other four land types, and all land types showed a significant increase in the
volume of changes, all exceeding 7.5 gC·m−2/month. In July, PAD and DRY continued to
grow with significant growth. PAD reached the highest growth of 13.41 gC·m−2/month
for the year, and other land types sustained momentum with a slower growth trend than
June. The number of changes in land types decreased from August to December, with all
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falling rapidly in September and October, among which DRY declined most significantly to
−12.28 gC·m−2/month in September.
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3.2. Correlation Analysis of NPP Influencing Factors
3.2.1. Correlation Analysis of Meteorological Factors

Meteorological elements, as crucial environmental factors, influence various aspects of
the ecosystem. Suitable TEM is essential for vegetation to absorb CO2. Under extreme TEM
conditions, the growth of plants is significantly hindered, and their ability to photosynthe-
size and perform vital biological processes is greatly diminished. PRE also directly affects
vegetation growth and carbon sequestration. Sufficient SUN is necessary for photosyn-
thesis. EVA indirectly affects vegetation carbon sequestration by impacting atmospheric
water vapor pressure, thus making plants regulate their stomatal size to avoid water vapor
pressure deficit, which may limit NPP. Adequate PRE and SUN, along with appropriate
TEM and EVA, will exert a positive effect on NPP. To investigate the impact of meteoro-
logical factors on NPP, Pearson’s correlation coefficients (PCCs) between annual NPP and
TEM, PRE, SUN, and EVA were calculated based on MOD17 data and annual raster data of
meteorological factors in the Songnen Plain using ArcGIS 10.6 software platform (Figure 9).
A positive correlation between NPP and PRE was observed, which was more pronounced
in the west and less in the northeast and southeast. PCC > 0.7 indicates a significant positive
correlation, and the zone where the correlation was significantly positive accounted for
26.97% of the study area. The absolute values of Pearson’s correlation coefficients between
NPP and TEM were all below 0.5, indicating the correlations were weak. The positive
correlation regions accounted for 11.68% and were primarily located in the northeast and
southwest of the study area. NPP was negatively correlated with SUN, and the regions
where the correlation was significant (PCCs <−0.7) covered 6.36% of the Songnen Plain and
were mainly concentrated in the central and eastern parts. NPP was negatively correlated
with EVA, and the regions with significant correlation (PCCs < −0.7) covered 16.51% of the
Songnen Plain and were mainly concentrated in the southern central part.
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To investigate the correlation between NPP and meteorological factors in different
land cover types, the PCCs were calculated separately for each land type, relating the
two variables (Figure 10). The PCCs of NPP and PRE in FOR, GRA, PAD, and DRY were
0.21–0.91, indicating a strong positive correlation. The most significant positive correlation
was found in the case of GRA, with the mean of PCCs being 0.65. Average absolute values
of PCCs for NPP and TEM corresponding to all land cover types are below 0.2, indicating
weak correlation. The PCCs between NPP and SUN for all land cover types show a negative
correlation in over 75% of the regions. NPP was significantly and negatively correlated
with EVA in all cases of land cover types. The average PCCs for NPP and EVA were less
than −0.52, except in the case of SWA.
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3.2.2. Correlation Analysis of SM

SM is directly related to the dynamics of plant photosynthesis and respiration. It is
a water resource that can be directly used by vegetation for growth. SM is influenced by
solar radiation and therefore displays longitudinal zonation in the study area, as shown in
Figure 11a, which is equidistantly divided into six classes according to the distribution of
SM value domains (176.54–463.89 mm). To explore the effect of SM on NPP, PCCs were
calculated for each image element using the GIS platform. The results indicate that NPP
and SM are mainly positively correlated (Figure 11b), and the positively correlated regions
account for 59.32% of the total area of the Songnen Plain (0.5 < PCCs < 0.7). The significantly
positively correlated (0.7 < PCCs < 1) areas are mainly concentrated in the central and
southern parts of the study area, accounting for 14.73% of the total area. The regions with
weak correlation (−0.5 < PCCs < 0.5) are mainly concentrated in the northeastern and
southwestern parts of the study area, accounting for 22.93% of the total area. Incorporating
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the land cover distribution in the Songnen Plain, a statistical analysis was performed on
the PCCs between NPP and SM for each land cover type. The results indicate that there is a
significant correlation between NPP and SM in the PAD dataset (Figure 11c), with PCCs in
more than 75% of the study area exceeding 0.65. The mean of PCCs in the case of DRY was
the maximum (0.73). However, the average of PCCs between NPP and SM was only about
0.55 in the case of SWA with more adequate SM, showing a relatively weak correlation. In
the cases of FOR, GRA, and PAD, the mean value of PCCs was greater than 0.63, despite
their wide range.

Forests 2023, 14, x FOR PEER REVIEW 15 of 25 
 

 

3.2.2. Correlation Analysis of SM 

SM is directly related to the dynamics of plant photosynthesis and respiration. It is a 

water resource that can be directly used by vegetation for growth. SM is influenced by 

solar radiation and therefore displays longitudinal zonation in the study area, as shown 

in Figure 11a, which is equidistantly divided into six classes according to the distribution 

of SM value domains (176.54–463.89 mm). To explore the effect of SM on NPP, PCCs were 

calculated for each image element using the GIS platform. The results indicate that NPP 

and SM are mainly positively correlated (Figure 11b), and the positively correlated regions 

account for 59.32% of the total area of the Songnen Plain (0.5 < PCCs < 0.7). The signifi-

cantly positively correlated (0.7 < PCCs < 1) areas are mainly concentrated in the central 

and southern parts of the study area, accounting for 14.73% of the total area. The regions 

with weak correlation (−0.5 < PCCs < 0.5) are mainly concentrated in the northeastern and 

southwestern parts of the study area, accounting for 22.93% of the total area. Incorporat-

ing the land cover distribution in the Songnen Plain, a statistical analysis was performed 

on the PCCs between NPP and SM for each land cover type. The results indicate that there 

is a significant correlation between NPP and SM in the PAD dataset (Figure 11c), with 

PCCs in more than 75% of the study area exceeding 0.65. The mean of PCCs in the case of 

DRY was the maximum (0.73). However, the average of PCCs between NPP and SM was 

only about 0.55 in the case of SWA with more adequate SM, showing a relatively weak 

correlation. In the cases of FOR, GRA, and PAD, the mean value of PCCs was greater than 

0.63, despite their wide range. 

 

Figure 11. (a) Soil moisture (SM) distribution contour. (b) The distribution of PCCs for NPP and SM. 

(c) Boxplot of PCCs between NPP and SM in different cases of land cover types. 

3.2.3. Correlation Analysis of Topographic Factors 

Elevation and slope, as fundamental characteristics reflecting the terrain, closely in-

fluence the types of vegetation, development of root systems, and the distribution of plant 

communities. Topographic factors affect NPP by impacting vegetation growth and thus 

altering vegetation carbon cycle efficiency. Elevation differences can lead to diurnal tem-

perature variations, which affect chlorophyll decomposition, light availability and photo-

synthetic activity and ultimately influence the carbon sequestration efficiency of vegeta-

tion. As shown in Figure 12a, the ASTER DEM data were used to produce an elevation 

Figure 11. (a) Soil moisture (SM) distribution contour. (b) The distribution of PCCs for NPP and SM.
(c) Boxplot of PCCs between NPP and SM in different cases of land cover types.

3.2.3. Correlation Analysis of Topographic Factors

Elevation and slope, as fundamental characteristics reflecting the terrain, closely
influence the types of vegetation, development of root systems, and the distribution of
plant communities. Topographic factors affect NPP by impacting vegetation growth and
thus altering vegetation carbon cycle efficiency. Elevation differences can lead to diurnal
temperature variations, which affect chlorophyll decomposition, light availability and
photosynthetic activity and ultimately influence the carbon sequestration efficiency of
vegetation. As shown in Figure 12a, the ASTER DEM data were used to produce an
elevation distribution map of the Songnen Plain, from which it can be seen that the terrain
slopes from the east and northeast toward the low plains, with gentle undulating hills in
the east and wave-like undulations in the southeast. According to the elevation distribution
characteristics of Songnen Plain, the elevation is divided into 10 levels with an interval of
50 m. Based on the land cover distribution in the Songnen Plain, after conducting statistical
analysis, the mean NPP was calculated for each land cover type within each elevation
range. As shown in Figure 12b, the impact of elevation on each land cover type is quite
similar, with NPP showing a rising trend with increasing elevation. In the case of FOR, the
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NPP tends to level off after the elevation reaches 270 m, which indicates that the effect of
elevation weakens when it exceeds 270 m. At the elevation of 120–170 m, a slight decrease
in NPP is observed across all land types. Within this range, the predominant landform is
plains, which account for 52.25% of the entire Songnen Plain and exhibit the lowest NPP.
The low NPP may be due to the gentle topography of plains surrounded by hills on three
sides. Specifically, natural precipitation may be insufficient; water from high places will
pool, leading to poor drainage conditions.
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The spatial differences in slope will accelerate soil water loss and create water stress on
vegetation. To cope with the water deficit, plants will close their stomata to avoid excessive
water consumption by transpiration, but this will lead to CO2 uptake reduction and NPP
decline. The slope distribution map of the Songnen Plain was produced based on ASTER
DEM data and is shown in Figure 13a. The slope of the Songnen Plain is classified into six
levels (0–0.5◦, 0.5–2◦, 2–5◦, 5–15◦, 15–35◦, 35–55◦) according to the classification criteria of
landform slope set by the International Geographical Union. The average NPP of different
land cover types was calculated at different slopes. As shown in Figure 13b, the effect of
slope on NPP shows a similar pattern across different categories. When the slope is below
15◦, most land types exhibit small changes in NPP, and their NPP gradually stabilizes with
the increasing slope; however, FOR has a large NPP increase between slope of 5 and 15◦.
When the slope is above 15◦, there is a significant improvement in the NPP of GRA; the NPP
of DRY only increases significantly at 35–55◦. The reason for the significant NPP increases
is as follows. In an area with a higher slope, the runoff is faster, and salt accumulation is
reduced. This provides a favorable condition for vegetation growth, exerting a positive
effect on NPP.
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3.3. The Relative Contribution Rate of Influencing Factors

To investigate the correlation between NPP and its influence factors in various land
cover types in the Songnen Plain, this study constructed a multisource spatial dataset
based on annual data of NPP (gC·m−2·a−1), PRE (mm), TEM (◦C), SUN (h), EVA (mm),
SM (mm), DEM (m), and slope (◦) in the study area from 2001 to 2020; spatially balanced
sampling was conducted for land cover types at an interval of 5 km (Figure 14, taking 2001
as an example).
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These influencing factors exhibit strong autocorrelation in the modeling process. In
this case, linear regression may lead to overfitting, and coefficients of the independent
variables in the regression equation cannot accurately represent the actual significance of the
influencing factors. Therefore, it is necessary to diagnose the covariance of each influencing
factor before constructing the regression model. The variance inflation factor (VIF) is often
used as a criterion for covariance diagnosis, with a VIF greater than 10 indicating severe
multicollinearity. Covariance diagnosis (Figure 15) showed that the VIFs of PRE and SM
were greater than 10, and the multicollinearity was severe. To reduce the disturbance of
multiple covariates of independent variables, this study conducted elastic net regression
analysis for reliable regression results at the cost of excluding some information.
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The elastic net regression analysis (Figure 15, Table 2) shows that the multicollinearity
among the influencing factors was significantly attenuated (VIF < 10), and the model
coefficient of determination (R2) exceeded 0.6 for all land cover types. DEM and PRE had a
positive effect on NPP for all land cover types, while TEM had a negative effect on NPP
across all land cover types. SUN had a significant negative effect on NPP of DRY and PAD
and a weak positive effect on NPP in other land cover types; SM and slope only had a
negative effect on NPP in SWA and exerted a positive effect on NPP in other land cover
types. EVA only had a negative effect on NPP in FOR.

Table 2. Elastic net regression analysis results.

Land Cover
Factors

GRA DRY FOR PAD SWA

R2 0.62 0.64 0.66 0.65 0.65
PRE 0.612 0.320 0.506 0.333 0.400
TEM −0.002 −0.013 −0.059 −0.131 −0.118
SUN 0.003 −0.116 0.004 −0.250 0.064
EVA 0.007 0.102 −0.056 0.058 0.003
SM 0.289 0.222 0.081 0.156 −0.284

DEM 0.093 0.193 0.279 0.046 0.126
Slope 0.007 0.034 0.018 0.028 −0.005

To analyze the degree of influence of these factors on NPP, we calculated their relative
contribution to NPP in the cases of various land cover types based on the results of elastic
net regression analysis. As can be seen in Figure 16, the cumulative contribution of PRE
to NPP ranked first in all land cover types, reaching 61.2% and 50.6% in GRA and FOR,
respectively; and therefore, PRE is the most significant influencing factor of NPP. The
cumulative contributions of PRE, SM, and DEM were close to 100% in GRA and more than
70% in FOR, SWA, and DRY, making them dominant influencing factors in most of the land
types in the Songnen Plain. The contribution of DEM in FOR exceeded that of SM. In the
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case of DEM, its contribution in FOR was the highest (27.9%) among the five land types,
possibly because of the most comprehensive distribution of FOR in all classes of DEM.
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From the quantitative calculation results of the elastic net model, it can be seen that
PRE, SM, and DEM are the most important determinants of NPP changes in the Songnen
Plain. Among them, PRE and SM, which influence water availability, show interannual
variation. Their driving characteristic on NPP is different from that of DEM with long-term
stability. Therefore, interannual trends of PRE and SM in the Songnen Plain from 2001 to
2020 were analyzed (Figure 17). Based on the analysis results, the changes in NPP from
2001 to 2020 were divided into three periods, namely, the period of significant increase,
the period of continuous increase, and the period of stable increase. The first period spans
from 2001 to 2005, during which NPP rose most significantly, with an average growth
rate of 26.34%. The reason is that in this period, both PRE and SM showed a significant
increase, alleviating water stress. During the second period, which extends from 2006 to
2014, NPP showed continuous and stable growth with an average growth rate of 11.21%,
but the increase was slowed down. PRE still showed an increasing trend, but SM gradually
stabilized, indicating that PRE played a dominant role in driving the observed increase
in NPP. In the third period spanning from 2015 to 2020, the NPP values stabilized above
380 gC·m−2·a−1 and the growth rate gradually stabilized with an average of 9.96%. PRE
showed the most significant increase among the three periods, but SM gradually decreased.
Despite the decreasing trend in SM, the joint influence of PRE and SM still contributed to
an upward trend in NPP. However, the magnitude of the increase was not as pronounced
as that in the first two periods.

To more intuitively reflect the relationship between NPP variation and land use trans-
formation, NPP statistics were conducted for the regions that experienced interconversion
between different land types from 2001 to 2020. The results showed (Figure 18) that the
GRA maintenance region exhibited the most significant growth of NPP per unit area
(154.33 gC·m−2·a−1), followed by the GRA to SWA conversion region (148.87 gC·m−2·a−1).
The SWA to FOR conversion region exhibited the lowest growth in NPP growth per unit
area (14.97 gC·m−2·a−1). These results indicated that the interconversion among land types
affects NPP increase.
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Figure 18. NPP growth transfer matrix of different land covers in the Songnen Plain from 2001
to 2020.

4. Discussion
4.1. Analysis of the NPP Impact Factors

In summary, NPP variations in the Songnen Plain were influenced by changes in
PRE and SM, with PRE exerting a more significant effect. Previous research results have
indicated that TEM is the primary limiting factor for NPP in humid to semi-humid regions,
while PRE is the primary limiting factor for NPP in arid to semi-arid regions [68]. Since the
study area is characterized by a temperate monsoon climate and a semi-arid environment,
the vegetation is susceptible to moisture shortage, making moisture stress a main constraint
of vegetation NPP increase in this area. These findings were consistent with the research
results in other areas of the Northeast Plain of China, such as the Sanjiang Plain and
the Liaohe River Basin [69,70]. In contrast to previous studies that solely considered the
relationship between precipitation and NPP in climate analysis [29], we have discussed the
combined effects of precipitation and soil moisture from the perspective of water stress.
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Overall, the moisture conditions in the Songnen Plain show an increasing trend, indicating
improved growth conditions for vegetation within this region. Additionally, the Songnen
Plain exhibits a weaker correlation with temperature, suggesting that the impact of global
warming on this region may not be severe to a significant extent. However, it is worth
noting that this consideration is primarily at an annual scale. At a monthly scale, due to
the relatively cold climate in the northeastern region, global warming might advance the
vegetation’s growing season.

4.2. NPP Variation Trend Analysis in Different Land Use Types

The influence of land use type changes on NPP in the Songnen Plain cannot be ignored.
The area of each land type in the Songnen Plain was measured by the land use transition
matrix to clarify the relationship between land use types and NPP from 2001 to 2020. In
2001, the main land use types were DRY, GRA, and FOR, with DRY accounting for the
highest proportion of 58%, GRA accounting for 16%, and FOR accounting for 9%; in 2020,
the main land types changed to DRY, GRA, and PAD, with DRY accounting for 64%, still
ranking first, and GRA and PAD both accounting for 9%. From 2001 to 2020, only the area
of cultivated land such as DRY and PAD increased, by 18,304.02 km2, while the area of
the other vegetation-covered land types decreased, and the overall area of land covered
by vegetation shrank by 5662.12 km2. The change in land use type over the 20 years also
had a significant effect on the NPP of the Songnen Plain. As can be seen in Figure 4, the
average NPP values of all five land types exhibited a significant increasing trend from 2001
to 2020. Among them, FOR exhibited the most significant NPP increase and consistently
maintained the highest NPP level, far higher than the values of other land types. GRA
also exhibited a large NPP increase, but the overall level was the lowest among the five
land cover types. The NPP levels in DRY, PAD, and SWA remained relatively stable from
2009–2014, but in other time intervals, significant fluctuations were observed.

As shown in Figure 18, the order of land type conversions, from low to high in terms
of their contribution to NPP increase, is as follows: GRA, DRY, PAD, SWA, FOR. Preserving
the continuity of land use patterns such as FOR, GRA, and PAD has a more positive effect
on the NPP growth in the Songnen Plain than transforming them to other patterns. The
NPP value of FOR was the most stable and significantly higher than that of other land
types, suggesting that forest protection is a direct means of maintaining a stable growth
of NPP in the study area. The growth of NPP in GRA was also significant, indicating that
maintaining the stability of grassland areas could also drive the overall NPP up. Therefore,
we concluded that perennials can lead to a more significant net productivity increase. In
addition, as the Songnen Plain is an important base for commercial food, it is difficult to
restrict the cultivation of arable land under the current “Red line” policy for food security,
but the growth of interregional NPP can be maintained through the conversion of DRY to
PAD. In this sense, gradually transforming farming methods and increasing the proportion
of PAD among arable lands may further improve ecological stability while maintaining
food production in the Songnen Plain.

5. Conclusions

The NPP in various land cover types varies by environmental influencing factors. The
study concluded that (1) NPP in the Songnen Plain increased at a rate of 19.87 gC·m−2·a−1

from 2001 to 2020, and in terms of spatial distribution, the NPP values were generally
higher in the northeast region and lower in the southwest region. The increase in NPP in
FOR was the most significant among all land use classes from 2001–2020. (2) Although the
correlation between NPP and influence factors varied with land cover type, the cumulative
contribution of PRE to NPP ranks first in all land types and is the most vital influencing
factor of NPP in the Songnen Plain. SM as an important influence, but the contribution of
NPP was greater in land classes with shallow root systems. (3) Land type transformation
also impacts NPP. The most significant growth of NPP per unit area was found in the
GRA maintenance area, which was 154.33 gC·m−2·a−1. Preserving the continuity of land
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use patterns such as FOR, GRA, and PAD has a more positive effect on the NPP growth
in the Songnen Plain than transforming them to other patterns. This was followed by
148.87 gC·m−2·a−1 in the GRA to SWA conversion area, the lowest growth occurred in
the SWA to FOR conversion area, and perennials led to a more significant degree of NPP
enhancement.

Decision-makers should adopt targeted ecological restoration strategies for each land
cover type. Despite the findings of this study, which underscore the significance of compre-
hensively considering the variations in meteorological and topographical factors among
different land cover types when assessing the contribution of influencing factors to NPP,
certain limitations arise due to the diverse ecological and climatic conditions in different re-
gions. Moreover, the study lacks consideration of time lag issues. Future research will thus
delve into further studying NPP changes in the Songnen Plain, focusing on the perspective
of water stress.
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