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The Sanjiang Plain includes the largest freshwater marsh in China, playing an
important role in regional carbon cycle. As an important indicator of carbon
cycle, the net primary productivity (NPP) is a crucial index for estimating the
carbon storage of marshy wetlands. Investigating the association between
climate factors and NPP variation quantitatively is of great significance for
estimating carbon sequestration of marsh. Based on NPP data and climatic
data from 1954 to 2014, the spatiotemporal change of NPP in marsh area
was analyzed and its association with climate factors was investigated in
the Sanjiang Plain in this study. The results indicated that the NPP showed
an increase trend in the marsh area of the Sanjiang Plain in the past six
decades. Temperate growth made the largest contribution to the NPP increase
among the main climate factors in the last six decades, followed by CO,
concentration. Solar Radiation had the largest explanatory power on the
spatial distribution of NPP among three climate factors before 1985. After
1985, temperature played an important role in leading the NPP distribution.
Results also showed that the explanatory power of interactions between
climate factors was stronger than that of single factor. Our results highlight
the asymmetric effects of interactions between climate factors on marsh
vegetation, which should be adequately considered in estimating carbon
sequestration in marsh area in the Sanjiang Plain.

net primary productivity, marsh, the Sanjiang Plain, climate change, geographical
detection method

Introduction

Wetlands are regions with low-level water, which are usually covered by vegetation
during growing season (Vivian et al., 2014; Marthews et al., 2022). As the kidneys of
the Earth, wetlands play an important role in biogeochemical cycle (Tercero et al,, 2017;
Xiao et al,, 2019; Deng et al,, 2022). Wetlands provide a lot of ecosystem service values
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for mankind such as water conservation, biodiversity
maintenance, coastal protection, water purification and
flood mitigation (Yan and Zhang, 2019; Thomaz, 2021; Monge-
Salazar et al, 2022; Tong et al, 2022). It is estimated that
wetlands store 20-30% of the earth’s carbon soil pool while
covering only approximately 5-8% of the world’s land surface
(Mitsch and Gosselink, 2000; Roulet, 2000). Wetlands are good
natural environments for separating and storing carbon from
the atmosphere, due to their anoxic and humid conditions
(O’Connor et al, 2010; Dargie et al, 2017). Net primary
productivity (NPP) refers to the difference between the total
amount of organic matter accumulated by green vegetation
in the ecosystem through photosynthesis and the cumulative
respiration per unit time. NPP, a significant indicator of carbon
cycle, is the basis of the energy and material cycle of the
ecosystem, which is related to the carbon fixation capacity of
the ecosystem (Brouwers and Coops, 2016; Xiao et al,, 2019).
Studies have indicated that climate variation can influence
vegetation coverage, growth conditions and growing season
duration, leading to NPP variation and the subsequent carbon
cycle (Brouwers and Coops, 2016; Li et al, 2018; Sun et al,
2022). Therefore, it is of great significance to investigate the
effects of climate change on NPP variation in wetland areas
quantitatively.

As one of the driving factors of vegetation growth (Schimel
et al., 2000; Cao et al.,, 2022b; Ren et al,, 2022), climate is
influenced by land use and land cover changes (LUCC), and vice
versa. Generally, climate warming enhances vegetation growth
globally, with negative impacts in low latitudes (Shestakova
et al., 2019; Madani et al., 2021; Cao et al., 2022b; Chen et al.,
2022; Qiu et al, 2022). Additionally, increased precipitation
would promote vegetation growth in water-limited regions.
Accordingly, vegetation greening could produce biophysical
feedback to climate, such as increase of evapotranspiration,
surface cooling (Davin and de Noblet-Ducoudre, 2010). Climate
changes are expected to act critical roles in the spatiotemporal
patterns of vegetation growth. Previous studies usually focus
on the response of vegetation growth on single climate
factor (Brouwers and Coops, 2016; Madani et al., 2021; Chen
et al,, 2022), ignoring the response of vegetation growth on
interactions between the dominate climate factors.

Although the effects of climate changes on vegetation
NPP variation have become hot topics in the field of global
change, most of which focus on forest, agriculture or grassland
ecosystems (Schimel et al., 2000; Zarei et al., 2021; Cao et al,
2022a; Ji et al., 2022). Few studies investigated the response of
NPP variation to climate change in wetland ecosystem, which
has a unique environmental condition (Mao et al., 2014; Caplan
et al,, 2015; Wang et al,, 2022). Due to the anoxic and humid
condition, there are obvious differences in the effect of climate
change on vegetation between wetland and other ecosystems
(Zhang et al., 2016; Shen et al., 2019; Wang et al., 2022). Marsh is
the main type of wetlands, playing an important role in carbon
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sequestration (Shen et al., 2021). Therefore, clarifying the effect
of climate change on marsh NPP is crucial for assessing regional
carbon storage and understanding carbon cycle. However,
the quantitative association between climate change and NPP
variation in marsh area remains poorly understood.

The Sanjiang Plain includes the largest freshwater marsh
distribution area in China, which has also experienced intense
human activities in the past decades (Wang et al,, 2015; Yan,
2020). As a dominant type of wetlands in the Sanjiang Plain,
marsh provides important ecosystem services (Wang et al,
2015;
carbon sequestration in the Sanjiang plain marshy wetland.

Yan and Zhang, 2019). And vegetation is crucial for

Liu et al. (2015) estimated the NPP changes of Calamagrostis
Angustifolia marsh at Fujin City in the Sanjiang Plain under
IPCC SRES emission scenarios and found that increase of
CO; concentration and temperature have a positive impact on
the vegetation growth of wetland vegetation (Liu et al., 2015).
Additionally, the effect of precipitation on NPP vegetation was
more significant than that of temperature. Mao et al. (2014)
found that human activities caused a loss of 84 gC m~2 yr~!
in marsh NPP during 2000-2011 in Northeast China (Mao
et al, 2014); Wang et al. (2009) suggested that land use and
land cover (LUCC) is the main factor affecting vegetation NPP
in the Sanjiang Plain from 2000 to 2015 (Wang et al., 2009).
Considering that climate factors are also important factors, it is
necessary to investigate the response of marshy wetland NPP on
climate changes in the Sanjiang Plain for a long-time.

To address these knowledge gaps, we investigated the
association between climate change and NPP variation
quantitatively in the Sanjing marsh area in the past six decades.
Firstly, I analyzed the spatiotemporal changes in NPP and
climate factors. Secondly, the association between climate
changes and NPP changes was explored quantitatively. Lastly,
the response of NPP distribution on climate factors and climate
interactions were estimated quantitatively in two stages: stage I
(1954-1985) and stage II (1986-2014).

Materials and methods

Study area

The Sanjiang Plain (Figure 1) is located in the northeastern
part of Heilongjiang Province, from 45°01'05“N to 48°27'56”
N and from 130°13’10“E to 135°05'26”E, with a total area
of about 108,900 km? (Yan and Zhang, 2019). The Sanjiang
Plain consists of the alluvial deposits of three rivers (the Amur,
Ussuri, and Songhua rivers), and is the largest distribution of
freshwater marsh in China. The Sanjiang Plain consists of 23
counties, namely Fuyuan, Tongjiang, Hegang, Luobei, Suibin,
Fujin, Raohe, Huachuan, Jixian, Youyi, Tangyuan, Jiamusi,
Shuangyashan, Baoging, Hulin, Yilan, Huainan, Qitaihe, Boli,
Mishan, Jixi, Jidong, and Mulin. The study area in this study
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FIGURE 1

Location map of study area.

concentrates on the marsh wetland distribution area and
its associated land use/cover changes (based on the marsh
distribution in 1954).

Data and methods

The climatic data (1954-2014) in this study include
average temperature, precipitation and solar radiation. The
meteorological data were obtained from the meteorological
station data of China National Meteorological Data Sharing
Center. A total of 10 meteorological data were selected, 7 of
which are within the Three Rivers Plain and 3 outside the region.
Using Kriging interpolation by ArcGIS software, combined
with Fortran programming, the meteorological station data was
interpolated into raster format with a resolution of 2 km x 2 km.
The CO, concentration data was download from the Carbon
Dioxide Information Analysis Center (CDIAC), whose website
is: https://cdiac.ess-dive.lbl.gov/.

The NPP data was obtained from previous publication
(Yan, 2017), which was produced by Dynamic Land Ecosystem
Model. DLEM comprehensively considers the influence of
carbon nitrogen coupling on carbon cycle and is well-evaluated
in global and regional scale including China, United States
and India etc. In the DLEM model, NPP was defined as the
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difference between gross primary productivity (GPP) and plant
autotrophic respiratory consumption (RA).

NPP = GPP — Ry (1)

The simulation of GPP (Unit: g Cm~2day~!) is based on the
improved Farquar model (Farquhar et al., 1980), and the canopy
is divided into sunlit and shaded layers.

GPPg, = 12.01 x 107° x Agm x plaisy, x dayl x 3,600
(2)

GPPyage = 12.01 x 107° X Agage X plaiguge % dayl

x 3,600 (3)

GPP = GPPy, + GPPshade (4)

Where GPPy,,, and GPPg,,4, represent the GPP of sunlit
and shaded canopy, respectively. Ay, and Ag,g. are the
assimilation rates while plais,, and plaig,g. are the indices
of sunlit and shaded canopy, respectively. dayl represents the
daily daytime length.

The plais,, and plaig,g. are calculated as followed:

plais,m =1- EXP(—projLAI) (5)

(6)

Plaignage = projLar — plaisun

projrar is the leaf carbon content (g C m~2) multiplied by
the specific leaf area (SLA) of different vegetation function type.
DLEM sets the carbon assimilation rate as the minimum of three
limiting rates (w,wj,w,). For the Cs species,they represent the
assimilation rates limited by the efficiency of the photosynthetic
enzymes system, available light photosynthetically active
radiation (PAR) and transport of photosynthetic products,
respectively. For the C3 species,w, is the assimilation rates
limited by PEP carboxylase.

Ry = Mr + Gr (7)

Mr and Gr denote maintenance and growth respiration,
respectively. In the DLEM,25% of GPP is considered to be
used as Gr.

G, = 0.25 x GPP (8)

The Mr of different plants (leaf, sapwood, fine root and
coarse foot) is estimated as follows:

Mr; = rf X RcaeﬁLi X f(T) x N; (9)

Where i is the carbon pool of different plants. Mr; is the
maintenance respiration of different carbon pools. Rf denotes
growing phase. It is defined as 0.5 in non-growing season and 1
in growing season. The growing season and non-growing season
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are defined according to the vegetation phenology observed by
satellite.; Ry ; is the respiration coefficient of different plant
function types. Nj(g N m~2)is the nitrogen content of different
pools and f(T) is a temperature factor.

£(T) = (308:56 % (ﬁfm) (10)

T is the daily average temperature of the aboveground
carbon pools (i.e., leaf and sapwood), or the soil temperature of
the underground carbon pool (i.e., coarse roots and fine roots).

The LUCC data were obtained from remote sensing images.
LUCC in 1976 was dominated by Landsat MSS imagery with
a spatial resolution of 80 m. LUCC in 1986/2000/2010 were
dominated by Landsat TM imagery while LUCC in 2015 was
obtained from Landsat OIL imagery, with a spatial resolution
of 30 m. Remote sensing imagery for the Landsat series is
available on the USGS website.! LUCC data since 1976 were
obtained based on a uniform set of standard processes (Liu
et al.,, 2002, 2010). The land use data in 1954 were reconstructed
from the Cellular Automata (CA) model (Yan and Zhang,
2019). To reduce post-classification error, LUCC maps were
produced by comparing Landsat imagery between different
years (Liu et al,, 2003, 2014). The accuracies of the LUCC data
interpretation were verified by comparing with a large number
of field surveys with historical records, including aerial films,
statistical yearbooks, etc. (Liu et al., 2002, 2003, 2014).

The Pearson Correlation Coefficient was used to detect
the correlation between NPP increase and four climate factors
(solar radiation, average temperature, precipitation and CO;
concentration).

_ a-9(-y)
V-2 X (y—3)°

Where r denotes the Pearson Correlation Coefficient. x and y are

(11)

r

the average values of x and y, respectively.

The Geographical Detection Method (GDM) was used to
estimate the association between climatic factors and the spatial
heterogeneity of NPP quantitatively in this study. GDM is a kind
of variance analysis, which can detect spatial heterogeneity and
potential factors (Wang et al., 2010). The GDM can identify
the factors influence stratified heterogeneity without requiring
a linear hypothesis. The GDM method has been widely used
in many aspects including natural sciences, social sciences,
environmental sciences and human health (Zhang and Zhao,
2018; Bai et al., 2019; Zhao et al., 2020b; Chang et al., 2022a; Guo
et al,, 2022). GDM includes four parts, namely, factor detector,
interaction detector, ecological detector a; 43nd risk detector.
The factor detector detects the magnitude of the influence of
different environmental factors on the spatial variation of NPP.
The interaction detector can reveal the interaction between

1 https://www.usgs.gov/
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different factors, that is evaluate the change of explanatory
power when different factors interact in pairs. The higher the
value of g, the greater the influence, and the expression is as
follows (Wang et al., 2010):

i Nuoj, | SSw

=1 _— 12
1 No? SST (12)
L
SSW =" Nyoj, (13)
h=1

where q (€[0,1]) is the explanatory power of different factors
and h is the classification of the impact factors. N, and N
are, respectively, the layer h and the number of samples in the
whole region; 0;,2 and o? are the variances of the Y-values for
stratum h and the whole region, respectively. SSW and SST are
the sum of within Sum of Squares and Total Sum of Squares,
respectively. In this study, solar radiation, average temperature
and precipitation are selected as influencing factors, and these
the numerical variables are divided into 9 types by using the
Natural Breaks classification method. Since the atmospheric
CO; concentration was uniform spatially in the same year, it was
not considered in the analysis of influencing factors of spatial
differentiation.

Results
Net primary productivity changes

Temporal change analysis

The total NPP in the Sanjiang Plain marshy area showed an
increasing trend generally, with a decreasing trend in the 1950s.
The statistical analysis of the data shows that the total NPP in the
study area increased from 29.99 Tg Cyr-1 in the 1950s to 30.94
Tg Cyr-1 in the 2010s (Figure 2), with an increase of 3.2%. The
highest value of the total NPP occurred in 2014 while the lowest
value was in 1964.

The NPP changes between different decades were also
analyzed (Figure 2). The total NPP showed a decreasing trend
between the 1950s and 1960s, with a decrease of approximately
3.12 TgC. During the 1960s-1970s, the total NPP increased
by 0.81 Tg C while it increased by 1.21 TgC between 1970s
and 1980s. The increase of NPP during the 1980s-1990s was
nearly same as that of the 1970s-1980s. The NPP increased by
approximately 0.63 TgC and 0.21 TgC during the 1990s-2000s
and 2000s-2010s, respectively.

Spatial change analysis

In this study, the spatial distribution of NPP in the marshy
areas of the study area during the 1950s and 2010s and its
difference in the marshy areas of the study area were analyzed
(Figure 3). The results showed that the NPP in the marshy
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FIGURE 2
Temporal changes of net primary productivity since 1954 in the
marsh area of the Sanjiang Plain.

wetlands of the Sanjiang Plain was mostly between 300 and 400
gC/m~2/yr. And the average NPP values in the southern part
of the study area are greater than those in the northern part.
In areas where marshy wetland was not been disturbed, the
mean marsh NPP values tend to decrease. Additionally, NPP
tends to decrease in areas where marsh were transformed into
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dry farmland, bare land and water body while NPP tends to
increase in areas where marsh were transformed into woodland
and paddy fields.

Changes of other environmental
variables

The average temperature in the Sanjiang Plain has shown
an increasing trend over the past 60 years or so (Figure 4). The
highest temperature in the study area occurred in 2007 (4.78°C)
while the lowest temperature occurred in 1969 (1.03°C), with
a mean increase rate of approximately 0.23°C/10a. Between
1954 and 2014, the average temperature in the Sanjiang Plain
was 3.3°C, with a relatively high inter-annual variability. The
mean temperature between 1954 and 1985 was 2.88°C while that
between 1985 and 2014 was 3.75°C.
1954-2014,
precipitation in the Sanjiang Plain was 577.41 mm/year

During the period the average annual
(Figure 5), with a relatively high inter-annual variability.
Statistical data indicates that the maximum annual precipitation
can reach to 810.52 mm (1994) while the minimum can reach
to 396.94 mm (1976). There was a weak increasing trend in
general during the past six decades in the Sanjiang Plain.
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Spatial changes of net primary productivity since 1954 in the marsh area of the Sanjiang Plain (unit: gC/m’z/yr).
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Changes of average temperature since 1954 in the Sanjiang
Plain.
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FIGURE 5
Changes of precipitation since 1954 in the Sanjiang Plain.

This study mapped the interannual variation of solar
radiation in the Sanjiang Plain during the period 1954-2014
(as shown in Figure 6). Statistical analysis of the data shows
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FIGURE 7
Changes of CO;, concentration since 1954 in the Sanjiang Plain.

TABLE 1 The correlation coefficient between NPP and different
climate factors.
Solar radiation

Temperature Precipitation CO;

R 0.1266 0.6988 0.1703 0.5442

that solar radiation in the Sanjiang Plain has generally shown
a weak fluctuating growth trend over the past 60 years. The
maximum solar radiation can reach to 168.08 W/m? (1986)
while the minimum solar radiation was 156.93 W/m? (1971).
There is no obvious trend in the annual solar radiation variation
in the Sanjiang Plain, with a decreasing trend after an increasing
trend.

This study mapped the annual variation of CO;
concentration in the Sanjiang Plain from 1954 to 2014 (as
shown in Figure 7). Statistical analysis indicates that CO,
concentration in the Sanjiang showed an obvious growth trend
over the past 60 years, with an increase value of 85.3 ppm.

160

Solar radiation (w/m?)

1954 1974

FIGURE 6
Changes of solar radiation since 1954 in the Sanjiang Plain.
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It increased from 312.4 ppm in 1954 to 397.7 ppm in 2014,
increasing by 21.45% in the last six decades.

Relationship between net primary
productivity and climate factors

Correlation analysis

This study detected the correlation between NPP and
different climate factors during the past six decades (as shown
in Table 1). Results indicate that the average temperature
had the largest correlation with NPP (0.6988) among four
climate factors, followed by CO; (0.5442). The correlation
coefficient between NPP and other two factors were relatively
small, with a value of 0.1703 (precipitation) and 0.1266 (solar
radiation), respectively. Results show that temperature made a
great contribution to NPP increase in the marsh area in the
Sanjiang Plain from 1954 to 2014. The increase of temperature
promoted NPP growth.

Influencing factors of spatial heterogeneity

The explanatory power of the main climate factors to the
spatial heterogeneity of NPP in two stages was detected by
the GDM method. A total of 19,466 sampling points in the
study area were chosen as sampling points. The p-values of the
explanatory power of each factor on the spatial heterogeneity of
NPP were less than 0.001, indicating that the g-values of each
climate factor were statistically significant (as shown in Table 2).
Result indicated that solar radiation had the largest explanatory
power in stage I (1954-1985) while temperature had the largest
in stage II (1986-2014). The explanatory power of precipitation
was the least both in stage I (1954-1985) and stage II (1986-
2014). The explanatory power of each climate factor on spatial
heterogeneity of NPP in stage I (1954-1985) was larger than that
in stage II (1986-2014).

This study also analyzed the explanatory power of
interactions between different climate factors on spatial
heterogeneity of NPP (as shown in Table 3). Results indicated
that the explanatory power of interactions between climate
factors was stronger than that of single factor. In stage I, the
explanatory powers of interaction between solar radiation and
precipitation reached to 0.3634, which is more than twice that
of the single factor. The explanatory power of the interaction
between temperature and precipitation was 0.2958 while that of
temperature and solar radiation was 0.2705, both of which are
much larger than that of single factor. In stage IL, the explanatory
powers of interaction between solar radiation and precipitation
reached to 0.2475, which is more than three times that of
the single factor. The explanatory power of the interaction
between temperature and precipitation was 0.2050 while that of
temperature and solar radiation was 0.1943, both of which are
much larger than single factor.
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Discussion

The effect of climate changes on net
primary productivity variation

The effect of temperature increase on NPP has two aspects:
positive effect and negative effect (Brouwers and Coops, 2016;
Madani et al., 20215 Ji et al,, 2022). On one hand, temperature
increase can prolong the growing season and enhance the
efficiency of photosynthesis, thereby increasing NPP (Madani
et al, 2021; Ji et al., 2022). On the other hand, it can increase
water consumption and cause drought, leading to a negative
effect on NPP growth (Osborne et al., 20005 Bilgili et al., 2020).
Results indicate that the annual average temperature in Sanjiang
Plain showed an upward trend. And there was a consistency
between the growth trend of NPP and that of temperature,
which shows that the increase of temperature has a positive
effect on the growth of NPP in Sanjiang plain at middle and
high latitudes. Global NPP is increased under the influence of
climate warming generally, with NPP decreased in low latitudes
and increased in middle and high latitudes (Hou et al., 2013;
Tum et al,, 2016; Gang et al., 2017; Yin et al., 2020). This study
confirms that climate warming promotes the growth of NPP in
middle and high latitudes. The influence of climate warming
on NPP changes is manifested in two aspects. On the one
hand, climate warming can directly affect photosynthesis and
change NPP (Madani et al., 2021). On the other hand, climate
warming can change the mineralization rate of soil nitrogen and
soil water content, thus indirectly affecting NPP (Wan et al,
2005). The promotion of climate warming on NPP in Sanjiang
Plain may be due to the promotion of vegetation fixation of
more CO;, under warming conditions, and the promotion of
soil nitrogen mineralization rate. Although climate warming will
reduce soil water content to a certain extent, which will lead
to the decline of NPP. However, the study area is located in
the humid area, which is less sensitive to the negative effect of
water consumption caused by the rise of temperature than the
arid/semi-arid area. In general, the increase of NPP caused by
the increase of photosynthesis and soil nitrogen mineralization
rate in the study area exceeded the decrease of NPP caused by the
decrease of soil water content. Additionally, in the middle and
high latitudes of the northern hemisphere, climate warming will
prolong the vegetation growth season and increase vegetation
activities, thus promoting the growth of NPP.

In the past 60 years, the increase of atmospheric CO,
concentration has promoted the growth of NPP in the study
area. As an important material of photosynthesis, CO, directly
participates in photosynthesis and thus directly associated with
vegetation NPP (Amthor, 1995; Running et al., 2000). The
increase of atmospheric CO; concentration will increase the
CO; flux of roots and the carbon supply of microorganisms,
increase the demand for water and nitrogen in the process
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TABLE 2 The explanatory power g-value of climate factors on the spatial heterogeneity of NPP.

Stage Explanatory power Solar radiation Precipitation Temperature
Stage [ q 0.1777 0.0988 0.1399

P 0.000 0.000 0.000
Stage I q 0.08228 0.0524 0.1166

P 0.000 0.000 0.000

TABLE 3 The interaction between different climate factors.

Stage Explanatory power Solar radiation Precipitation Temperature
Solar radiation 0.1777

Stage I Precipitation 0.3634 0.0988
Temperature 0.2705 0.2958 0.1399
Solar radiation 0.08228

Stage IT Precipitation 0.2475 0.0524
Temperature 0.1943 0.2050 0.1166

of plant photosynthesis, and lead to the enhancement of
vegetation activities, thus promoting the increase of NPP
(Amthor, 1995; Reich et al, 2006). Additionally, the change
of CO; concentration can disturb the earth’s radiation balance
and affect the change of climate factors such as temperature,
precipitation and relative humidity (Pértner et al., 2005; Reich
et al, 2006). The change of these climate factors will also
have an impact on the NPP changes. Many studies have also
indicated that the increase of CO, concentration can promote
NPP growth (Amthor, 1995; Cao and Woodward, 1998; Schimel
et al., 2000).

In the past 60 years, precipitation changes have promoted
the growth of NPP in the study area. Wetlands are often
characterized by perennial or seasonal ponding. If the
precipitation is low, it will obviously have an important impact
on their vegetation growth (Liu et al,, 2015). This study finds
that the annual average value of NPP in the years with higher
precipitation (greater than average precipitation) is 29.59 TG
c/yr, while the annual average value of NPP in the years with
lower precipitation (greater than average precipitation) is 29.34
tgc/yr, which is lightly less than that in the years with higher
precipitation. This is not completely consistent with previous
studies. For example, Wang et al. (2011) pointed that the NPP
of Qixinghe marshy wetland in Sanjiang Plain was negatively
correlated with the annual precipitation (Wang et al.,, 2011).
Because the water resources in this region were relatively

TABLE 4 The area (thousand ha) and percentage changes of marsh
during 1954-2015 in the Sanjiang Plain.

Year 1954 1976 1986 2000 2015
Area 3770.12 2446.11 1119.14 1040.76 778.18
Percentage 34.71% 22.52% 10.30% 9.58% 7.17%
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sufficient, the better coordination of hydrothermal conditions
in years with relatively dry climate led to the increase of
vegetation evaporation and photosynthesis, as well as increasing
accumulation of dry matter. This may be because the marshy
wetland area in this study includes not only the original marsh,
but also the areas that have been converted to other land use
types. Vegetation growth has a strong association with solar
radiation (Moreau et al., 2003; Fang et al., 2019; Zhou et al,,
2021), but previous study paid less attention on effects of
solar radiation on NPP variation of marsh area. This study
indicated that radiation growth enhanced NPP increase in the
past six decades, which is consistent with previous studies.
And solar radiation also influenced the spatial heterogeneity of
NPP, especially in stage I. Although the precipitation had the
least explanatory power on the spatial heterogeneity of NPP,
its interaction with solar radiation had the largest explanatory
power both in two stages. Additionally, this study indicated that
explanatory power of interactions between two climate factors
was stronger than that of single factor. Therefore, asymmetric
effects of interactions between climate factors on vegetation NPP
should be given more attention in the future.

The effect of land cover changes on
net primary productivity variation

In the past six decades, marsh in the Sanjiang Plain has been
cultivated drastically. The marsh area decreased from 3770.12
in 1954 to 778.18 thousand ha in 2015, with the percentage
decreased from 34.71% of the total area in 1954 to 7.17% in
2015 (Table 4). From 1954 to 1986, the percentage of marsh in
the Sanjiang Plain decreased by 24.40%, with the value much
larger than that between 1986 and 2015. The area of marsh
decreased by 79.4% since 1954 in the Sanjiang Plain, with a value
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about 2.99 million ha. Only 14% of the original marshy wetland
was preserved in the last six decades. And 46% of the original
marsh transformed to paddy filed while 27% of that converted
to dry farmland. Large area of marsh has been reclaimed into
dry farmland and then paddy field in the past six decades,
leading to NPP changes. Landscape index analysis shows that
the landscape fragmentation of marsh increased since the 1950s
in the Sanjiang Plain (Yan and Zhang, 2019; Yan, 2020), also
influencing carbon cycle and NPP changes. Previous studies
indicated that LUCC in the Sangjiang Plain decreased NPP
changes (Wang et al,, 2009; Dong et al,, 2015). The study of
Sanjiang Plain from 2000 to 2005 showed that LUCC is the main
factor affecting vegetation NPP, which directly leads to changes
in regional NPP (Wang et al., 2009). Although NPP showed a
general increasing trend in the Sanjiang Plain during 2000-2010,
LUCC played a negative role in the NPP growth (Dong et al,,
2015).

LUCC is an important reason that affects the carbon cycle
process of terrestrial ecosystem and causes the change of carbon
budget (Li et al, 2014; Chang et al, 2022b). On one hand,
LUCC can directly affect the carbon cycle process by changing
the vegetation types (Li et al., 2014). On the other hand, LUCC
can cause changes in N deposition and CO, concentration, and
then indirectly affect the carbon cycle process (Li et al., 2014; Lu
et al,, 2016; Zhao et al., 2020a). The research on the change of
carbon budget caused by LUCC shows that the transformation
between forest loss and urbanization usually reduced the carbon
budget and farmland expansion can increase carbon budget in
some regions (Hu and Wang, 2008; Fu et al,, 2009; Yu et al,
2009; Chang et al., 2022b; Zhuang et al., 2022). For example, Yu
et al. (2009) found that urbanization in Shenzhen city during
1999-2005 caused a loss of 321.51 Gg carbon. The increase of
dry farmland decreased NPP in the Sanjiang plian from 2000
to 2010 (Dong et al, 2015). Study in Guangzhou indicated
that conversion from wood grassland, shrublands/forests to
croplands and the urban led to a large loss of NPP (Fu et al,
2013). In the past 60 years, the overall situation of LUCC in the
study area is the large area loss of marsh, forest and grassland.
LUCC in the marsh area in the past 60 years has a negative
effect on NPP growth in the Sanjiang Plain. In the future,
samples can be taken in areas where the marsh area that has not
been reclaimed to exclude the impact of LUCC. Additionally,
LUCC can influence temperature, precipitation, and radiation
etc. (Davin and de Noblet-Ducoudre, 2010; Li et al., 2014; Cao
et al.,, 2021). Therefore, the interactions between climate factors
and LUCC should be paid more attention in the future.

Conclusion
In our study, NPP increase was observed in the Sanjiang

Plain in both stages (1954-1985 and 1986-2014) in the past
six decades. Temperature had the largest correlation with NPP
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trends among four climate factors, followed by CO,. Solar
Radiation had the largest explanatory power on the spatial
heterogeneity of NPP among three climate factors before 1985.
After 1985, temperature played an important role in leading
the spatial heterogeneity of NPP. The explanatory power of
precipitation changes was relatively smaller than other two
factor on NPP changes between two stages. However, the
explanatory power of its interactions with solar radiation
was much stronger than that of single factor. Future study
should pay more attention to the interactions between climate
factors as well as the interactions between different factors.
Our results suggest the importance of association between
climate factors and NPP variations for predicting marsh carbon
storage variation.
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