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Abstract: Sanjiang Plain is the most extensive marsh distribution region in China. Marshes in this
region can protect biodiversity, regulate climate, and provide habitats for wild animals and plants.
The normalized difference vegetation index (NDVI) is a crucial indicator of vegetation coverage,
which may reflect ecosystem structure and functional features. Clarifying the spatiotemporal change
of marsh coverage and its climatic drivers is vital for observing and predicting vegetation change in
Sanjiang Plain. Using meteorological dataand MODIS NDVI data from 2000 to 2020, we analyzed
the spatiotemporal variation in marsh vegetation coverage and climatic change effects in Sanjiang
Plain. We found that the growing season vegetation NDVI of marsh increased significantly at a rate
of 0.011/decade, indicating that the marsh vegetation growth has obviously improved during the
past 21 years. Furthermore, we found that the increase of minimum (Tmin) and maximum (Tmax)
temperature in July can significantly promote the marsh plant growth, and increasing nighttime
Tmin has a stronger impact on promoting the growth than increasing daytime Tmax in this month. In
addition, the increase of daytime Tmax in August can promote the marsh vegetation growth, whereas
the increasing precipitation in August was unfavorable for the growth in Sanjiang Plain.

Keywords: marsh; wetland; vegetation; NDVI; climate change

1. Introduction

Wetlands are an important ecosystem worldwide and have significant effects on
regional and global carbon cycles [1,2]. Marshes are an important type of wetland that
have an important effect on biogeochemical cycles and environmental purification [3–7].
As the core part of marsh ecosystems, vegetation can notably impact the energy cycle and
transformation [8,9]. The normalized difference vegetation index (NDVI) is a vital indicator
of vegetation coverage, which may reflect ecosystem structure and functional features [10].
It has been found that the growth, structure, and distribution of vegetation are affected
by climate change. This has been one of the research hotspots in global change to clarify
the climatic change effects on vegetation coverage [11,12]. At present, most scholars have
studied the influences of climatic change on vegetation coverage in grassland and forest
ecosystems, but there is a lack of research on the influence of climatic change in marsh
vegetation coverage [13–16]. Marshes have unique environmental conditions that differ
from other terrestrial ecosystems, and may lead to differences in the response of marsh
vegetation coverage to climatic change [17–27]. Under the background of global climatic
change, it is important to understand and clarify the climatic change effects on marsh
vegetation coverage.

Sanjiang Plain is the most extensive marsh distribution region in China. Marshes in this
region have many ecological functions such as protecting biodiversity, regulating climate,

Atmosphere 2022, 13, 2077. https://doi.org/10.3390/atmos13122077 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13122077
https://doi.org/10.3390/atmos13122077
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-2967-6288
https://doi.org/10.3390/atmos13122077
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13122077?type=check_update&version=3


Atmosphere 2022, 13, 2077 2 of 18

and providing habitats for wild animals and plants [9]. In recent decades, marshes on the
Sanjiang Plain have been seriously degraded under the influence of climatic changes and
human activity, and the loss of marsh has become increasingly serious [28]. The degradation
and loss of marshes in the Sanjiang Plain have seriously affected the ecological environment
of this region, causing a series of problems such as the reduction of biodiversity and
ecological imbalance in this region [29]. For the purpose of ensuring sustainable economic
development, it is urgent to protect and restore marshes in this region. The changes in
marsh vegetation caused by climate change are more difficult to control than those caused
by human activities, and they can only be adapted by improving ecosystem management.
To scientifically promote the restoration of marsh vegetation, we need to further clarify
the temporal and spatial variations in marsh vegetation coverage and the climatic changes
in this region. In recent years, many researchers have studied the climatic change effects
on marsh vegetation coverage in Sanjiang Plain, such as Scirpus nipponicus [30], Carex
pseudocuraica and Carex lasiocarpa [31]. However, these studies have only analyzed the
effect of climatic changes on marsh vegetation coverage at the species level, and there is
a lack of research on the effect of climatic changes on all species vegetation in Sanjiang
Plain. Some researchers have found that the effects of climatic changes on marsh vegetation
coverage may be different for different vegetation types [9]. Therefore, we need to further
analyze the effects of climatic changes on vegetation coverage for all plant species in this
region. In addition, it has been found that the effect of climate on marsh vegetation is
different during different months [9,32]. Chuai et al. [33] concluded that the increasing
temperature in April and May promoted marsh vegetation growth in Inner Mongolia
from 1998 to 2007. Shen et al. [34] found that the increasing precipitation from March to
May was favorable for the vegetation growth in the marsh of Qinghai Tibet Plateau from
2000 to 2020. Wang et al. [35] concluded that the increase in precipitation from June to
August could improve the marsh vegetation growth in the western Songnen Plain from
2000 to 2020. In order to protect and restore the marsh plants in this region, it is essential to
further explore the effects of climatic changes on marsh vegetation coverage in different
months in the Sanjiang Plain. Furthermore, Wang et al. [17] found that the minimum and
maximum temperature have asymmetric effects on the marsh vegetation of Songnen Plain.
An increase of maximum temperature may reduce the marsh vegetation coverage, while
increasing the minimum temperature can increase the marsh vegetation coverage [17].
Compared with the brackish marshes in the semi-arid and arid Songnen Plain, the marshes
in Sanjiang Plain are freshwater marshes. The climate in this region is wetter, and the
temperature is lower. It is not clear whether the variations of daytime and nighttime
temperatures have different influences on the marsh vegetation coverage in this region.
Given the background of global asymmetric daytime and nighttime temperature rises, we
should further explore the response of marsh vegetation coverage to daytime and nighttime
temperature variations in Sanjiang Plain.

Using MODIS NDVI and meteorological data in Sanjiang Plain, this study analyzed
the spatial and temporal variation in NDVI and climatic change effects in marshes of the
Sanjiang Plain during the growing season and each month from 2000 to 2020. Under the
background of global climate change, clarifying the changes in marsh vegetation coverage
and climatic change effects in Sanjiang Plain can provide scientific reference for the dynamic
prediction and adaptive management of marsh vegetation in this region.

2. Materials and Methods
2.1. Study Area

Sanjiang Plain is situated at the east of Heilongjiang Province, China (Figure 1) [36].
The climate of Sanjiang Plain is a temperate monsoon climate, with humid and semi humid
characteristics [37]. The annual average precipitation and temperature are 500 to 700 mm and 1.6
to 3.9 ◦C, respectively [38]. The Sanjiang Plain is rich in water resources and is the most extensive
marsh distribution region in China [39]. The marsh vegetation types in this region mainly
include Carex lasiocarpa, Phragmites communis, Carex meyeriana, and Carex pseudocuraica [40].
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Figure 1. Spatial distribution of (a) marsh wetlands and (b) long-term average growing season NDVI
of unchanged marsh vegetation in Sanjiang Plain from 2000 to 2020.

2.2. Data

The marsh distribution data used in this study wereobtained from the Chinese marsh
wetland in 2015 and 2000 [41]. The spatial resolution of the marsh distribution data was
30 m and passed strict data quality control and verification [42,43]. The meteorological
data used in this study were monthly minimum (Tmin), maximum (Tmax), average (Tmean)
temperature, and precipitation data from 21 climatic stations on the study region from 2000
to 2020. The meteorological data were obtained from the Chinese Meteorological Center,
and the quality of them was guaranteed with a strong quality assurance procedure [44,45].
The MODIS NDVI data used in this study were the MOD13Q1 dataset from 2000 to 2020 and
the temporal and spatial resolutions of MOD13Q1 were 16 days and 250 m, respectively [2].

2.3. Methods

In this study, the maximum value compositing method [46] was applied to convert the
ten-day NDVI dataset into the monthly NDVI, so as to reduce the impact of uncertainties
such as atmosphere, solar altitude angle, and cloud on the data. Considering that the
vegetation only grows in the growing season and the annual NDVI value may be greatly
affected by snow cover and other factors [47], this paper used NDVI during the growing
season to analyze the dynamic changes of vegetation. According to previous studies [48,49],
this study defined May to September as the growing season of the marsh vegetation in the
study region, and calculated the average NDVI from May to September in each year to
obtain the dataset of the average growing season NDVI (hereinafter referred to as growing
season NDVI) from 2000 to 2020. For the purpose of excluding the influences of human
activity on marsh vegetation, we extracted the unchanged marsh distribution in this region
(marshes in 2015 and 2000). To prevent the influence of non-vegetation on the research
results, this study further extracted pixels with a long-term (2000–2020) growing season
NDVI higher than 0.1 of marshes in the study region. We then chose the distribution of
these pixels as the distribution of the unchanged marsh vegetation. The average NDVI and
climate factor corresponding to all marsh vegetation pixels were taken as the NDVI and
climate factors of marsh vegetation in this region.
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The Kriging interpolation method was applied to interpolate meteorological data, and
the images of climatic factor had the same spatial resolution (250 m) as NDVI images of
marsh vegetation in study region [2,9].

The Mann–Kendall (MK) test and simple linear regression [50,51] were used to analyze
the trend of NDVI and climatic factors of marshes in Sanjiang Plain. The formula of the
trend analysis is the following [47]:

θslope =
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n ×
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i ×
n

∑
i=1

Mi

)

n ×
n

∑
i=1

i2 −
(

n

∑
i=1

i

)2 (1)

In Formula (1), Mi refers to the NDVI (or meteorological factor) value in the ith year; n
means the length of the research period, n = 21 years in this study; i is the serial number
of year; θslope represents the slope of the change trend in NDVI (or climatic factor) of each
pixel; if θslope > 0, it means that the NDVI (or climatic factor) has an increasing trend,
otherwise it is reduced.

The correlation between climatic factors and corresponding NDVI was calculated by
Pearson correlation analysis method, and the formula is the following [47]:
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In Formula (2), Rab represents the correlation coefficient; n refers the length of the
study period, n = 21 years in this study; ai represents the average value of the climatic
factors in year i; a is the average of the climatic factors during the past 21 years; bi means
the NDVI in year i; b refers to the average NDVI during the past 21 years. In addition, this
study used multiple linear regression analysis to explore the effects of precipitation and
temperature together on the dynamics of marsh vegetation NDVI [52].

3. Results and Discussions
3.1. Spatiotemporal Change in NDVI in Marsh Vegetation of Sanjiang Plain

The growing season vegetation NDVI of marshes in Sanjiang Plain increased signif-
icantly (p < 0.05) by 0.011/decade from 2000 to 2020 (Figure 2a). This result was similar
to Du et al. [53] who found that the growing season NDVI of marshes increased in this
region. The NDVI of the marsh vegetation increased each month during the growing
season and the NDVI in June and July increased significantly (p < 0.05) by 0.021/decade
and 0.016/decade, respectively (Figure 2c,d).

From 2000 to 2020, the higher and lower growing season NDVI of marsh was situated
at the northwestern and eastern Sanjiang Plain (Figure 1b). Spatially, from 2000 to 2020,
pixels with an increasing trend of growing season NDVI of marsh vegetation accounted for
71.12% of the total pixels, and the increased NDVI was mainly located in the northwestern
Sanjiang Plain (Figure 3a). The decreased growing season NDVI was mainly situated
at the east of Sanjiang Plain (Figure 3a). This result was basically consistent with the
conclusion of Zhang et al. [54], who found that the NDVI of vegetation in the eastern
Sanjiang Plain decreased remarkably. During the growing season, the increased NDVI of
marsh vegetation from May to September in Sanjiang Plain accounted for 42.78% (Figure 3b),
73.91% (Figure 3c), 75.70% (Figure 3d), 62.58% (Figure 3e) and 71.12% (Figure 3f) of the
total pixels, respectively. The increased NDVI in June was mainly situated at the middle
(Figure 3c), while the increased NDVI in other months was situated in the northwest of
the study region. The NDVI during the growing season showed a decreasing trend in
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the eastern Sanjiang Plain, and the pixels with decreased NDVI in May accounted for the
largest proportion in the marsh of Sanjiang Plain (Figure 3b).
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3.2. Correlation between NDVI of Marsh Vegetation and Climatic Factors in Sanjiang Plain

The growing season NDVI of marsh vegetation had a weak negative correlation with
Tmean and Tmax, and a weak positive correlation with Tmin and precipitation in the growing
season from 2000 to 2020 (Table 1) in Sanjiang Plain. Spatially, the pixels with positive
correlation between the growing season NDVI of marsh vegetation and precipitation in
the growing season accounted for approximately 62.26% (Figure 4a), while the pixels with
positive correlation with growing season Tmin accounted for 56.80% (Figure 4d) of the
total pixels in Sanjiang Plain from 2000 to 2020. The proportion of pixels with a negative
correlation between NDVI and Tmean during growing season was approximately 54.20%
(Figure 4b), while the proportion of pixels with anegative correlation with growing season
Tmax was approximately 59.53% (Figure 4c).
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Table 1. Correlation coefficients between growing season (monthly) NDVI of marsh vegetation and
growing season (monthly) Tmean, Tmin, Tmax and precipitation during the growing season in Sanjiang
Plain from 2000 to 2020.

Precipitation Tmean Tmax Tmin

Growing season 0.065 −0.002 −0.034 0.143
May 0.099 0.324 0.333 0.346
June 0.146 −0.094 −0.105 −0.030
July 0.124 0.609 ** 0.456 * 0.662 **
August −0.434 * 0.264 0.392 * −0.039
September 0.198 0.185 0.012 0.284

** and * mean significant at 0.01 and 0.05 level.

For exploring the climatic effects on vegetation NDVI in the marshes of the study
region, we explored the relationships between climatic factors and NDVI of marsh vegeta-
tion during the growing season (from May to September). Marshes are relatively humid
ecosystems [18–22], and thus water is important for the establishment and reproduction of
plants in marshes [47]. In addition to water, temperature has an important effect on marsh
plant growth [28,32,34]. The rise of temperature increases enzyme activity, thus promoting
vegetation photosynthesis [32,55,56]. Furthermore, increasing temperature may promote
nutrient absorption, thus promoting the marsh vegetation growth [34,57]. We found that
the July NDVI had positive correlations with temperature and precipitation in July, and a
significant (p < 0.05) positive correlation with temperature in July (Table 1). The positive
relationship between NDVI and temperature in July was mainly situated at the north of the
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study region (Figure 5). This indicates that increasing temperature in July could promote
marsh vegetation growth in Sanjiang Plain. Warming during the nighttime and daytime
in July had asymmetric effects on marsh vegetation growth. The increase of daytime Tmax
and nighttime Tmin could promote the growth of marsh vegetation, whereas the increase of
nighttime Tmin was more favorable to marsh vegetation growth. On one hand, July is the
most vigorous period of vegetation growth [58], and the rise of the Tmax in the daytime can
promote photosynthesis by increasing the activity of enzymes [59]. On the other hand, the
increase of nighttime Tmin may cause a compensatory effect to compensate for respiration.
The compensation effect is a phenomenon whereby a plant recovers by promoting the
photosynthesis of vegetation the next day after the increase of respiration caused by the
increase of temperature at night and the loss of more organic matter, which belongs to the
mechanism of vegetation to adapt to the marsh growth environment [60,61]. The influence
of night warming on marsh plants depends on the balance between the compensation
effect and respiration enhancement. It is reported that plants have a high compensation
effect when they grow in an environment with sufficient nutrients and water [34], and it
may sometimes even cause a super compensation effect, which may exceed the original
growth state [62]. The marshes in Sanjiang Plain have good hydrothermal and nutrient
conditions in July, which is the best period for the occurrence of the overcompensation
effect [32]. Therefore, increasing Tmin at night in July can significantly promote marsh
vegetation growth in Sanjiang Plain.

In addition, we found that the August NDVI of marsh vegetation showed significant
(p < 0.05) negative and positive correlations with precipitation and Tmax in August (Table 1)
in Sanjiang Plain. Spatially, the proportion of negative correlations between the NDVI
of marsh vegetation and precipitation in August was approximately 58.35% in Sanjiang
Plain (Figure 6a), and the proportion of positive correlations with the Tmax in August
was about 60.67% (Figure 6c). This indicates that the increase of precipitation in August
may inhibit the growth of marsh vegetation, while the increase of Tmax would promote
marsh vegetation growth. This is because August is the vigorous growth season of marsh
plants [63], when they require a higher daytime temperature to promote photosynthesis.
Therefore, the rise of the Tmax in August could promote the growth of plants in this region.
In addition, August is the rainy season in this region [63]. Increasing precipitation may
cause an increase of daytime cooling and cloudy days, which may inhibit photosynthesis
in marsh vegetation. Increasing precipitation during the rainy season may also cause the
appearance of vegetation flooding [64,65], which could partly explain the unfavorable
effect of precipitation in August on the plant growth in Sanjiang Plain. In particular, the
August minimum vegetation NDVI of marshes occurred in 2019 (Figure 2e). The maximum
precipitation in August occurred in 2019 of marshes in this region from 2000 to 2020,
reaching 287 mm, which was far higher than the long-term average precipitation in August
during the study period (125 mm). As the increase of precipitation in August may be
unfavorable to plant growth, the excessive precipitation in August 2019 may explain the
August minimum vegetation NDVI of marshes in Sanjiang Plain. In addition, this study
found that NDVI showed weak negative correlations with Tmin at night in June and August
(Table 1), which differed from the result that NDVI showed a significant (p < 0.05) positive
correlation with the Tmin in July. This may be because the highest temperature in Sanjiang
Plain occurred in July [66], and the marsh vegetation grows most vigorously in July [58].
The compensation effect may be stronger due to enhanced respiration at night. Compared
with July, June and August were not the most vigorous periods of plant growth in the
marsh in this region. The temperature was lower in these two months; August was the
rainy season with more cloudy days, and the photosynthetic ability of vegetation was
relatively weak [63]. This may explain why the photosynthetic compensation could not
remarkably exceed the organic consumption of respiration in June and August.
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Furthermore, we analyzed the effects of annual and monthly climatic factors (Tmean,
Tmin, Tmax and precipitation) on the growing season NDVI, and found that the correlations
between annual climatic factors and the growing season NDVI were not significant (Table 2).
This suggests that the annual climatic factors have no significant effects on the growing
season NDVI. Based on multiple linear regression analysis, we found that precipitation
and temperature in all months together explained 87.8% of the variation in growing season
NDVI over the study region. The results showed that growing season NDVI has a significant
(p < 0.05) positive correlation with the temperature in July (Table 2). This confirms that the
rise of temperature in July can promote the marsh plant growth in Sanjiang Plain. Therefore,
increasing temperature in July (Table 2) may be the main reason for the increased growing
season NDVI of marsh vegetation in Sanjiang Plain in the past 21 years (Figure 2).

Table 2. Correlation coefficients between growing season NDVI of marsh vegetation and annual and
monthly Tmean, Tmin, Tmax and precipitation in Sanjiang Plain from 2000 to 2020.

Precipitation Tmean Tmax Tmin

Annual 0.068 0.199 0.407 0.193
January −0.141 0.080 0.091 0.057
February 0.037 0.151 0.189 0.108
March −0.004 0.322 0.326 0.318
April 0.099 0.202 0.200 0.182
May 0.230 −0.141 −0.187 0.044
June 0.199 −0.148 −0.155 −0.068
July −0.210 0.510 * 0.584 ** 0.234
August −0.115 0.096 0.062 0.131
September 0.145 −0.104 −0.123 0.079
October 0.246 −0.280 −0.183 −0.389
November −0.017 −0.219 −0.191 −0.243
December 0.082 0.236 0.211 0.222

** and * mean significant at 0.01 and 0.05 level.

The variations in precipitation and temperature in Sanjiang Plain over the past 21 years
were calculated to further explain the spatiotemporal variations of vegetation NDVI. From
2000 to 2020, the Tmin and precipitation in the growing season generally increased, and the
precipitation in the growing season showed a significant (p < 0.05) increasing trend (Table 3).
The Tmean and Tmax in the growing season showed weak decreasing trends in marshes in
this region (Table 3). In different months, the precipitation showed significant (p < 0.05)
increasing trends in June, August and September, while the Tmax only showed a significant
(p < 0.05) increasing trend in June (Table 3). Spatially, the largest increase in the growing
season NDVI of marsh vegetation was situated in the northwestern Sanjiang Plain from
2000 to 2020 (Figure 3a). The strongest increasing trend of precipitation and the strongest
decreasing trend of Tmean in the growing season were also situated in the northwestern
Sanjiang Plain (Figure 7). According to the correlation analysis results, it can be concluded
that decreasing Tmean and increasing precipitation in the growing season may be the reason
for the largest increase in growing season vegetation NDVI of marshes in the northwest of
Sanjiang Plain. The July vegetation NDVI of marshes increased significantly in the north
of the study region (Figure 3d), and the correlation between NDVI of marsh vegetation
and temperature in July was positive in this region (Figure 5). Therefore, the increase of
temperature in July (Figure 8) may explain the increase in July NDVI of marsh vegetation
in the north of the study region. The largest decreasing trend of August NDVI was mainly
situated at the northeast of Sanjiang Plain (Figure 3e). According to the correlation analysis
results, the Tmax and precipitation in August were positively and negatively correlated
with the August vegetation NDVI of marshes in this region (Figure 6). The decrease of
the Tmax and the increase of precipitation in August (Figure 9) may be the reason for the
decrease in August vegetation NDVI of marshes in the northeast of Sanjiang Plain.
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Table 3. Change trends in Tmean (◦C/year), Tmin (◦C/year), Tmax (◦C/year) and precipitation
(mm/year) of marshes in Sanjiang Plain during the growing season from 2000 to 2020.

Precipitation Tmean Tmax Tmin

Growing season 2.811 ** −0.016 −0.037 0.021
May 2.010 −0.002 −0.004 0.007
June 4.215 ** −0.097 0.153 * −0.007
July 0.358 0.046 0.053 0.047
w
August 4.339 * −0.020 −0.038 0.018

September 3.131 ** −0.007 −0.040 0.043
** and * mean significant at 0.01 and 0.05 level.

There may have been some uncertainties in this study. First, the remote sensing
satellite data may affect the research results owing to the influence of clouds, atmosphere,
etc. Second, meteorological results obtained by the interpolation method in this study
may have some errors, which may impact the results of this study. Furthermore, human
activities have had significant impacts on the marsh vegetation in Sanjiang Plain during
the recent decades. Although this study extracted the unchanged marsh vegetation in the
study period as the study region, it cannot completely exclude the influences of human
activity on the marsh vegetation. Therefore, we need to further distinguish the influences
of human activity on marsh vegetation in future studies. Third, considering the complexity
of climate change and its impacts on vegetation, we should employ techniques of signal
analysis to explore the cyclic patterns, and use more professional tools to model the impact
of climate change in the future. In addition, this study mainly analyzed the impact of
precipitation and temperature on the vegetation coverage of marshes in Sanjiang Plain.
However, many other factors also influence the marsh vegetation coverage. In the future, it
will be necessary to explore the impacts of environmental and other meteorological factors
on the vegetation coverage of marshes in Sanjiang Plain.

4. Conclusions

Under the background of climate change, the variation invegetation coverage and
its response to climate change in the marshes of Sanjiang Plainare not clear. This study
revealed the spatiotemporal change in NDVI and the effect of climatic change on the marsh
vegetation coverageinSanjiang Plain. We found that the growing season NDVI of marsh
vegetation increased at a rate of 0.011/decade in Sanjiang Plain from 2000 to 2020. The
significant increased growing season NDVI of marsh vegetation was mainly concentrated in
the northwestern Sanjiang Plain, while the decreasing trend was mainly concentrated in the
eastern area. The growing season NDVI of marsh vegetation has no significant correlations
with growing season temperature and precipitation in Sanjiang Plain. The precipitation and
temperature in different months have different effects on the growth of marsh vegetation in
Sanjiang Plain. The increase of daytime and nighttime temperatures in July could accelerate
plant growth inmarshes, and increasing Tmin at night has a greater effect on promoting plant
growth inmarshes than the increase of Tmax in the daytime. Increasing daytime Tmax in
August could still promote marsh vegetation growth, while the increase of precipitation in
August is unfavorable to the growth of marsh vegetation in Sanjiang Plain. In the context of
global climatic change, we should pay attention to the effects of climatic changes in different
months on marsh vegetation, especially when simulating marsh vegetation coverage in
Sanjiang Plain. These results can provide scientific reference for the dynamic prediction and
adaptive management of marsh vegetation in this region.
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