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Spatial and temporal variation of
net primary productivity of
herbaceous marshes and its
climatic drivers in China
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Chen Ding'?, Rong Ma’*, Xianguo Lu® and Ming Jiang®
*Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences,

Changchun, China, 2University of Chinese Academy of Sciences, Beijing, China, *College of Forestry,
Northeast Forestry University, Harbin, China

Herbaceous marshes are widely distributed in China and are vital to regional
ecological security and sustainable development. Vegetation net primary
productivity (NPP) is a vital indicator of vegetation growth. Climatic change can
significantly affect NPP, but variations in NPP of herbaceous marsh and their
responses to climate change in China remain unclear. Using meteorological data
and MODIS NPP data during 2000-2020, this study analyzed the spatial and
temporal variations of NPP and their responses to climate change in Chinese
herbaceous marshes. We found that the annual NPP of herbaceous marshes in
China increased significantly at a rate of 3.34 g C/m?/a from 2000 to 2020, with
an average value of 336.60 g C/m® The increased annual total precipitation
enhanced the national average NPP, whereas annual mean temperature had no
significant effect on the national average NPP. Regionally, precipitation had a
significant positive effect on the NPP in temperate semi-arid and arid and
temperate semi-humid and humid marsh regions. For the first time, we
discovered asymmetry effects of daytime and nighttime temperatures on NPP
in herbaceous marshes of China. In temperate humid and semi-humid marsh
regions, increased summer daytime temperature decreased the NPP while
increased summer nighttime temperature increased the NPP. In the Tibetan
Plateau, increased autumn daytime temperature, as well as summer daytime and
nighttime temperatures could increase the NPP of herbaceous marshes. This
study highlights the different influences of seasonal climate change on the NPP
of herbaceous marshes in China and indicates that the differential effects of
daytime and nighttime temperatures should be considering in simulating the NPP
of herbaceous marshes in terrestrial ecosystem models, especially under the
background of global asymmetric diurnal warming.
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1 Introduction

Wetland are a key ecosystem type, accounting for approximately
12%-24% of the world’s terrestrial carbon stocks (Shukla et al., 2019),
despite covering only 4%-6% of the global area (Mitra et al., 2005).
Marsh is an important type of wetland that performs a critical role in
supporting ecological stability, conserving biodiversity, and
regulating the carbon cycle (Erwin, 2009; Jimenez et al, 2012;
Bhowmik, 2022). Vegetation of marshes is essential for conserving
water sources, improving water quality, protecting the marsh
ecosystem, and promoting surface energy exchange (Clarkson et al,
2013; Salimi et al., 2021). Vegetation net primary productivity (NPP)
is a vital indicator of carbon sequestration of marsh wetland
ecosystems (Nayak et al, 2010; Reyer et al., 2014; Hammer and
Bastian, 2020). Climate change can markedly affect the NPP of
marshes and consequently influence the regional carbon cycle
(Wang et al., 2022a). A significant change has occurred in the NPP
of marshes (Shen et al., 2022b). The clarification of the response of
marsh NPP to climatic change is essential for predicting the global
carbon cycle (Wang et al, 2022b). A number of studies have
recognized that climatic change affects the NPP of terrestrial
ecosystems (Li, 2014; Gang et al., 2017), but relatively few research
focus on climate impacts on the NPP of marshes (Hirota et al., 2007).
Marshes have special water conditions compared to other terrestrial
ecosystems (Shen et al, 2020), and the NPP response to climatic
change in marshes may differ from that in other terrestrial ecosystems
(Shen et al., 2021a). Analysis of the NPP of marshes can improve our
understanding of carbon sequestration of this ecosystem, which is
important for predicting the impacts of future climate change and
carrying out the adaptive manage of marsh ecosystem.

The marsh area in China is the third largest in the world, with
herbaceous marshes being the most widespread (Shen et al., 2021a).
The rate of carbon sequestration by herbaceous marsh vegetation is
faster than that of other types of marsh vegetation (Zhou et al,
2009). Herbaceous marshes play a critical role in regulating regional
carbon cycle (Ye et al,, 2022). The NPP of herbaceous marsh is a
significant indicator of herbaceous marsh ecosystem functions and
capacity for carbon sequestration (Woltz et al., 2023).
Understanding the NPP changes and clarifying the response of
the NPP of herbaceous marshes to climate change is important for
predicting carbon stocks in China. Some researchers have studied
the changes in the NPP of marshes and their response to changing
climatic conditions (Wang et al., 2022a). Yu et al. (2010) analyzed
NPP changes in Deyeuxia angustifolia, Carex lasiocarpa, and Carex
pseudocuraica in the Sanjiang Plain marshes and concluded that an
increase in temperature would lead to a significant increase in NPP.
Luo et al. (2021) estimated the NPP of three typical Phragmites
australis wetlands in northeast China based on remotely sensed and
field data and showed that an increase in precipitation led to an
increase in NPP of Phragmites australis wetlands. Nevertheless,
these studies concentrated on the response of a single species or
local-scale marsh NPP to climate change and did not study
herbaceous marsh vegetation across China. Herbaceous marsh
vegetation response to climatic change varies from region to
region (Wang et al., 2021). To better estimate carbon storage and
reveal future vegetation dynamics throughout China, it is urgent to
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understand the temporal and spatial variations of NPP and climatic
effects in herbaceous marshes of China.

In the context of global climate change, daytime and nighttime
temperatures showed asymmetric (different) warming with a larger
warming trend of nighttime temperature than daytime temperature
(Shen et al,, 2014; Liu et al,, 2023c). Interestingly, some studies found
different effects of daytime and nighttime temperatures on vegetation
coverage of herbaceous marsh in China. For example, Shen et al.
(2021b) found that, compared with daytime temperature, growing
season nighttime temperature had a larger positive effect on vegetation
coverage of herbaceous marsh in the cold Tibet Plateau and Northeast
China possibly due to reduced freezing damage. However, Wang et al.
(2020) found that increased growing season daytime temperature could
reduce marsh vegetation coverage because of enhanced
evapotranspiration in the arid Songnen Plain of China. Until
recently, however, it was unclear whether nighttime and daytime
temperatures have different effects on NPP of herbaceous marshes in
different regions of China. To further evaluate the carbon sequestration
potential and predict carbon sequestration of Chinese herbaceous
marshes, it is urgent to research the response of NPP to nighttime
and daytime temperature in China.

Based on the MODIS NPP and observed climate data, this study
analyzed temporal and spatial variation in NPP of herbaceous
marshes in different regions of China and examined the responses
of NPP to temperature (including daytime and nighttime
temperature) and precipitation changes from 2000 to 2020. Our
study aimed to focus explicitly on the following questions: (1) Is the
NPP of herbaceous marshes in China increasing or decreasing
during the past two decades? (2) Are there differences in the
responses of NPP of herbaceous marshes to climatic change at
different regions? (3) Are there differential effects of nighttime and
daytime temperatures on NPP of herbaceous marshes in different
regions? The findings of this study may contribute to reveal the
mechanism of response of herbaceous marsh vegetation to climatic
change and provide a scientific basis for us to formulate strategies to
enhance the ecological functions of wetlands and manage
wetland ecosystems.

2 Materials and methods
2.1 Study region

Herbaceous marshes are widely distributed in China. Their
distribution can be divided into five sub-regions according to
differences in geographical environment and topography: coastal
(CST), temperate semi-humid and humid (THS), temperate semi-
arid and arid (TAS), subtropical humid (SH), and Tibetan Plateau
(TP) marsh regions (Figure 1) (Shen et al., 2021a).

The CST has a wide latitudinal range and is predominantly
influenced by the East Asian monsoon. The northern region of the
CST has lower precipitation and cooler temperatures than the
southern region (Hao et al, 2020). Winter in the THS is
characterized by low temperatures, rainfall and humidity, and
summers are characterized by high temperatures, rainfall and
humidity. The herbaceous marsh vegetation in the northern region
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FIGURE 1
Distribution of herbaceous marsh in China and five marsh regions of China

of the THS mainly comprises Carex spp., Deyeuxia angustifolia, and
Phragmites australis, and the dominant species are Bolboschoenus
yagara, Trapa incisa, and Nymphoides peltate in the southern region
of this region (Shen et al,, 2021a). The TAS has high summer and low
winter temperatures, with precipitation decreasing from east to west
and being unevenly distributed seasonally (FHong et al.,, 2022b) and the
dominant species of herbaceous marsh vegetation are Elymus nutans,
Suaeda glauca, and Phragmites australis (Shen et al, 2021a).
Temperatures are high in summer and mid-range in winter in the
SH and rainfall is high in both seasons (Ren et al, 2021). Annual
rainfall generally decreases from southeast to northwest, and the region
has abundant light, heat, and water resources (Liu et al., 2021). The
main species of herbaceous marsh vegetation in the SH are Polygonum
hydropiper, Miscanthus lutarioriparius and Zizania latifolia (Shen
et al,, 2021a). The average altitude of the TP is above 4000 m, with
higher altitudes in the northwest and lower altitudes in the southeast.
Average annual precipitation gradually increases from northwest to
southeast, and average annual temperature gradually decreases from
southeast to northeast (Sun et al,, 2022). The dominant species of
herbaceous marsh vegetation in the TP are Kobresia littledalei, Blysmus
sinocompressus, and Phragmites australis (Shen et al., 2021a).

2.2 Data

Annual NPP (MOD17A3) data from 2000 to 2020 were
obtained from the National Aeronautics and Space
Administration (https://ladsweb.modaps.eosdis.nasa.gov). Spatial
resolution of the data is 500 m, and it has been tested for quality
assurance (Shen et al., 2022b). The distribution of herbaceous
marshes in China were obtained from the 2010-2015 dataset
provided by the China Wetland Ecology and Environment Data
Center (http://wdcrre.data.ac.cn/) , which have been verified by field
observation (Liu et al, 2023a). Meteorological data used in this
study were monthly average maximum temperature, average
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minimum temperature, average temperature, and precipitation
data, which were obtained from the National Meteorological
Center (http://data.cma.cn/en). To ensure the continuity of
monthly climate data, this study finally selected and used
meteorological data from 613 meteorological stations with no
missing data at each station during the whole study period in
China (Figure 1), and there are 23 meteorological stations located in
the herbaceous marsh regions of China.

2.3 Methods

Monthly climate data (maximum temperature (Tp.y),
minimum temperature (T,,;,), mean temperature (T e.,), and
precipitation) were spatially interpolated using the ordinary
kriging method to obtain raster data, which were harmonized
with the NPP data (Shen et al., 2022b). Seasonal meteorological
data were calculated for spring (March, April, and May), summer
(June, July, and August), autumn (September, October, and
November), and winter (December, January, and February) using
monthly meteorological data (Shen et al., 2021b). The regional
mean value of each variable was calculated from the average of all
the pixels in herbaceous marshes of this region (Shen et al., 2022a).
Consistent with previous studies (Ma et al., 2023; Liu et al., 2023b;
Shen et al,, 2024), a linear regression analysis was used to calculate
the trends of NPP and meteorological factors over time, using the
following formula (Equation 1):

r=1 r=1 r=1
= 3 (1)

Where 6yqp. is the trend of NPP or meteorological factor; ¢ is
the length of the time series of the study (21 year); r is the year
number; B, is the NPP or meteorological factor for year r. If 6;ope is

frontiersin.org


https://ladsweb.modaps.eosdis.nasa.gov
http://wdcrre.data.ac.cn/
http://data.cma.cn/en
https://doi.org/10.3389/fpls.2024.1380081
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wou et al.

positive, it means that the change in the NPP or meteorological
factor is positive, and vice versa, it is a negative trend. If Osiope is 0, it
indicates no change.

Consistent with a number of earlier research (Shen et al., 2016;
Huang et al., 2020), we calculated partial correlations between NPP
with meteorological factors in order to assess the impact of climatic
change on NPP. This partial correlation method can effectively
exclude the interference of other factors (Li and Qin, 2019; Ren
et al, 2023; Shen et al, 2024), thus accurately reflecting the
relationship between meteorological factors and NPP.

3 Results

3.1 Temporal and spatial changes in NPP of
herbaceous marshes in China

There was spatial heterogeneity in the long-term average and
trends in NPP of herbaceous marsh in various regions in China from
2000 to 2020 (Figure 2). The long-term average NPP of herbaceous
marsh in China from 2000-2020 was 336.60 g C/m” and was generally
higher in the eastern region and lower in the western region of China
(Figure 2A). Areas with high long-term average NPP were mainly
located in the northern region of the THS and the central region of
the SH (Figure 2A). Areas with low long-term average NPP were
mainly located in the western region of the TAS and southwestern
region of the TP (Figure 2A). Regional average NPP over the years
2000-2020 was 486.13, 402.00, 322.60, 238.94, and 141.01 g C/m?, in
the SH, THS, CST, TAS, and TP marsh regions, respectively.

The regional long-term average NPP of herbaceous marshes in
China increased significantly (P<0.05) by 3.34 g C/m*/a from 2000 to
2020, with significant (P<0.05) increase trends of 3.80, 3.61, 1.93, 0.75
g C/m?/a in the THS, TAS, SH, and TP, respectively (Figure 3). A
weak increasing trend (0.33 g C/m*/a) of regional average NPP was
found in the CST (Figure 3). Spatially, the upward trend in the NPP
was most significant in the northern THS, eastern TAS, and central
SH during the past two decades (Figure 2B). By contrast, a downward
trend was observed for eastern THS and southern TP (Figure 2B).

3.2 Trends in meteorological factors

There was a highly significant (P<0.01) increase in annual total
precipitation across the herbaceous marsh regions of China from 2000
to 2020 (Table 1; Figure 4). At the regional level, the positive trend in
annual precipitation was significant (P<0.0I) in the THS (0.84 mm/a)
and the TAS (0.39 mm/a) (Table 1). There was a significant positive
trend in the TP for annual T, (P<0.05) and T, (P<0.01). In
different seasons, there were significant (P<0.05) positive trends in
summer and autumn precipitation in all the herbaceous marsh
distribution regions (Table 1). There were significant (P<0.05)
positive trends of average spring Ty, (0.05 mm/a), and Ty,e,n and
Tnin in summer (0.03 mm/a, 0.05 mm/a) and in autumn (0.06 mm/a,
0.08 mm/a) in the TP, with the summer T,;, and autumn T,
showing highly significant (P<0.0I) positive trends (Table 1).
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3.3 Correlation between meteorological
factors and NPP

The NPP of herbaceous marshes in China was significantly
(P<0.05) positive correlation with annual precipitation from 2000
to 2020, and the correlation was larger in the THS and TAS
(Figures 5, 6). The NPP of herbaceous marshes in the TP
exhibited a positive correlation with annual Tp,;, and Tpean, With
the latter correlation significant (Figure 6).

Across China, there was a significant (P<0.05) positive
correlation between NPP with summer and autumn precipitation
(Figure 5). At the regional level, NPP and summer precipitation was
found to have significant (P<0.01) and positive correlation in the
THS and TAS and it with spring and autumn precipitation was
found to have significant (P<0.05) and positive correlation in the
TAS (Figure 6).

The NPP of herbaceous marsh in China had a moderate negative
correlation with summer Ty,e.n and Ty and a moderate positive
correlation with summer T,,;,. At the regional level (Figure 6), the
NPP of herbaceous marsh was moderately positively correlated with
summer Tp,;, in the THS, and moderately and significantly (P<0.05)
negatively correlated with summer T, in the THS and TAS,
respectively. In the TP, the NPP correlated significantly (P<0.05)
and positively with T e.n and Ty, (Figure 6) and moderately
positively with summer T (Figure 6). The NPP was also
significantly (P<0.0I) positively correlated with autumn T, and
autumn and winter T,;,, and was most highly correlated with
autumn T,,;, (Figure 6). In the CST, herbaceous marsh NPP was
significantly and negatively correlated with all meteorological factors,
with the correlation with summer T, reaching the highly significant
(P<0.01) level (Figure 6). The marsh NPP was not significantly
correlated with temperature or precipitation in the SH (Figure 6).

A significant (P<0.05) and positive correlation was found
between NPP and annual precipitation over the whole herbaceous
marsh in China from 2000 to 2020 (Figure 7). However, a negative
correlation was found in the southern region of the TP (Figure 7).
The NPP and annual Tpcans Tmaxe and T, were observed a
negative correlation in the northern region of THS (Figure 7).

Partial correlations between herbaceous marsh NPP and
meteorological factors differed across seasons and regions. The
NPP was negatively correlated with temperature in summer in
most of the regions. However, NPP was positively correlated with
summer Tp,e,n and summer Ty, in the northern region of the TP
(Supplementary Figure S6). The NPP and winter temperatures
(Tmean> Tmax and Tin) were positively correlated across most of
the regions, but were negatively correlated in the northern region of
the THS (Supplementary Figure S8).

4 Discussion
4.1 Temporal and spatial variation of NPP

We determined that the long-term average NPP of herbaceous
marsh in China was 336.60 g C/m” between 2000 and 2020. This
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FIGURE 2

Spatial patterns in (A) long term average NPP and (B) temporal trend of the NPP of herbaceous marsh in China from 2000 to 2020.

result was higher than the long-term average NPP of 282.00 g C/m*
for grasslands in China calculated by Zhou et al. (2020), but close to
the long-term average NPP of 339.85 g C/m” for marsh in Inner
Mongolian of China calculated by Wang et al. (2023). The reason
may be because that large areas of desert grasslands and alpine
grasslands were included in the study by Zhou et al. (2020) and
those vegetations are generally less productive than the wetter
herbaceous marshes (Shen et al., 2021a). Furthermore, herbaceous
marshes are wetter than grasslands and provide better moisture
conditions for vegetation growth (Liu et al., 2023b). Vegetation
grows more luxuriantly, making the herbaceous marsh NPP higher
than the grassland NPP. The areas with higher long-term average
herbaceous marsh NPP were mainly located in the northern region
of the THS and the central region of the SH (Figure 2A), likely due
to the beneficial hydrothermal conditions for herbaceous vegetation
growth in these regions (Shen et al,, 2021a). The regions with low
long-term average herbaceous marsh NPP were mainly located in
the relatively arid western region of the TAS (Huang et al., 2019),
and the cool southwest region of the TP (Shen et al, 2022b)
(Figure 2A). As a result, vegetation grows shorter in these regions
(Shen et al,, 2022b), and thus the long-term averaged vegetation
NPP is lower in the western region of the TAS and the southwest
region of the TP. Piao et al. (2020) analyzed leaf area index of
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vegetation in China over the last 20 years and found that overall
growth conditions for vegetation in China have improved. In this
study, we confirmed that the growth conditions for herbaceous
marsh vegetation have improved significantly in China during the
last two decades (Figure 2B).

4.2 Response of the NPP of herbaceous
marsh to climatic factors

Our study found that the NPP of Chinese herbaceous marsh
during 2000 to 2020 showed a strong and statistically significant
(P<0.01) positive correlation with summer and autumn
precipitation (Figure 5), indicating that ongoing increased
precipitation in summer and autumn could lead to an increase in
the national average NPP across China.

At the regional level, in the herbaceous marshes of THS, there
was a significant (P<0.05) positive correlation between summer
precipitation with NPP (Figure 6). It is likely attributable to the
large areas of seasonal marsh in these regions (Poiani et al., 1995;
Mitsch et al., 2010). Increased summer precipitation can lead to a
rise in area of marsh, which in turn leads to an increase in marsh
NPP at a certain extent (500 m x 500 m) (Niu et al., 2012).
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FIGURE 3
Temporal variations in regional average NPP of herbaceous marsh in (A) China and (B—F) different marsh regions of China from 2000-2020 (yellow
line indicates the linear trend of NPP).

TABLE 1 Trends in annual and seasonal mean precipitation (mm/a) and temperatures (°C/a) in different herbaceous marsh regions of China from
2000-2020.

Temperate Temperate

China humid and arid and UlzsE Sl Bl

Plateau humid
marsh region marsh region

Coastal
marsh region

marsh region = semi-humid semi-arid
marsh region = marsh region

Annual total precipitation 0.62%* 0.84** 0.39%* 0.19 1.10 0.47
Annual mean temperature 0.02 0.03 0.02 0.03* 0.01 0.04*
Annual 0.02 0.02 0.02 0.02 0.02 0.04*

maximum temperature

Annual 0.03* 0.04 0.02 0.05** 0.02 0.02
minimum temperature

Spring precipitation 0.12 0.10 0.22 -0.05 0.55 0.29
Spring mean temperature 0.04 0.04 0.05 0.03 0.02 0.05
Spring 0.05 0.06 0.05 0.01 0.03 0.05

maximum temperature
Spring minimum temperature 0.03 0.02 0.03 0.05* 0.02 0.03
Summer precipitation 1.57* 2.15*% 0.87** 0.33 2.84* 1.78*
Summer mean temperature -0.01 -0.02 -0.01 0.03* 0.00 0.03
Summer -0.03 -0.05 -0.02 0.03 0.01 0.03

maximum temperature

(Continued)
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TABLE 1 Continued
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Temperate Temperate 7 .
: p np Tibetan Subtropical
China humid and arid and : Coastal
marsh region = semi-humid semi-arid GG At marsh region
9 : : marsh region marsh region 9
marsh region = marsh region

Summer 0.03* 0.03 0.02 0.05** 0.01 0.02
minimum temperature

Autumn precipitation 0.82%* 1.17%* 0.49* 0.18 1.15 -0.22

Autumn mean temperature 0.02 0.02 0.00 0.06* 0.01 0.03

Autumn 0.00 -0.01 -0.01 0.04* 0.00 0.04
maximum temperature

Autumn 0.04 0.05 0.01 0.08** 0.03 0.02
minimum temperature

Winter precipitation -0.04 -0.07 -0.02 0.10 -0.15 0.04

Winter mean temperature 0.04 0.06 0.02 0.02 0.02 0.04

Winter 0.04 0.05 0.03 -0.01 0.03 0.06
maximum temperature

Winter 0.04 0.05 0.02 0.04 0.02 0.03
minimum temperature

Significant at ** P<0.01 and * P<0.05 levels (the same below).

Consequently, this results in an increase in NPP in this region
(Martina et al., 2016). On one hand, more precipitation could lead
to more seasonal marsh distributions in these areas (Poiani et al.,
1995; Mitsch et al., 2010), causing an increase in marsh NPP. On the
other hand, an increase in summer precipitation in can also increase
the water use efficiency of vegetation in the THS (Zheng et al,
2019), partly explaining the positive effects of summer precipitation
on NPP in this region. In contrast, we found that an increase in
summer T,,,, was associated with a significantly reduced NPP in
the THS (Figure 6) likely due to increased evapotranspiration at the
higher daytime temperatures (Shen et al, 2021b; Wang et al,
2022b). In addition, we found a differential effects of summer
temperatures on the NPP of herbaceous marshes in the THS.
Summer T,,,x in the THS was exhibited a moderate negative
association with herbaceous marsh NPP, whereas summer T,
showed a moderate positive association with NPP in this region. It
indicates that the increase in nighttime T,;, increases the
productivity of marsh vegetation. The increase in night T,
during the summer can promote respiration at night in marsh
vegetation in the THS (Fares et al., 2011). However, increased T,yin
can also cause vegetation to produce more organic matter through a
compensatory effect (Wang et al., 2023). The compensatory eftect is
a phenomenon that vegetation produces more organic matter the
next day after consuming organic matter due to nighttime warming,
resulting in some recovery of vegetation growth (Peng et al., 2013;
Ulrich et al., 2019). Previous studies have shown that environments
with sufficient water easily lead to a compensatory effect and even a
super compensatory effect (Liu et al., 2023b; Shen et al, 2024),
which can recover and even exceed the original state of the
vegetation (Wang et al., 2023; Liu et al., 2023a). The subject of
this study was marsh wetland with sufficient water and nutrients
(Shen et al., 2022b); therefore, a super compensatory effect may
have occurred in this region. This may explain the reason why the
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increase in T, led to the increase in NPP. The NPP in the
northern region of the THS was negatively correlated with winter
temperatures (including Tpeans Tmax and Ton) (Supplementary
Figure S8), suggesting that an increase in winter temperatures is not
conducive to an increase in NPP in this region. The warming of
winter may have reduced the chilling of vegetation (Piao et al,
2011), which may have resulted in delayed growth and flowering.
This may partly explain the reasons why winter warming can
reduce NPP.

In the herbaceous marshes of TAS, the NPP was positively
correlated with spring precipitation (Figure 6). The environment of
TAS are more arid, and precipitation is the limiting factor for the
growth of vegetation in this region (Wang et al., 2023). Increased
spring precipitation can effectively alleviate the drought stress
suffered by the vegetation, and is beneficial to the growth of the
vegetation (Abel et al., 2023; Zhu et al., 2023; Shen et al., 2024). This
could explain why the increase in spring precipitation leads to an
increase in NPP in the temperate semi-arid and arid marsh regions.
The NPP in the eastern and central regions of the TAS was
positively correlated with spring temperatures (including Tnean,
Tmao and Tp,) (Supplementary Figure S5). In these regions,
warmer spring temperatures may reduce frost damage and
promote heat accumulation in vegetation, thereby promoting
vegetation growth (Hong et al., 2022a; Liu et al., 2023b).

In the herbaceous marshes of TP, the NPP was positively
correlated with summer temperatures (Tieans Tmax and Tiin)
(Figure 6). Summer is the most favorable season for marsh
vegetation growth (Bertness and Ellison, 1987; Forbrich et al,
2018), and higher daytime temperatures in summer promote
photosynthesis by promoting enzyme activity (Peng et al., 2013;
Smith and Dukes, 2013; Zandalinas et al., 2017; Daniel et al., 2020).
Higher night time temperatures in summer can promote vegetation
respiration at night (Wan et al., 2009). Wetlands are prone to an

frontiersin.org


https://doi.org/10.3389/fpls.2024.1380081
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wu et al. 10.3389/fpls.2024.1380081
60°E  70°E  80°E 90°E 100°E 110°E 120°E 130°E 140°E 60°E  70°E  80°E 90°E 100°E 110°E 120°E 130°E 140°E
z =
L N 18 N 1o
A Annual Total Precipitation A © B Annual Mean Temperature A ©

= z

15} 1)

N = N z
1) 1)
< <

-4 =

=) =)

« z =

Trend (mm/a) S Trend (C/a) =3
B <-1.00 Il <-0.04
[ -1.00~-0.50 [0 -0.04~-0.02

z -0.50~0.00 z -0.02~0.00

o 0.00~0.50 ) 0.00~0.02

1w 0.50~1.00 £ | mwo002-004 g

I 1.00~1.50 S I 0.04~0.06 «
Il >1.50 0 500 1000 P Il >0.06 0 500 1,000 |
— KM . — KM .
Py C 2 C
80°E 90°E 100°E 1M0°E 120°E 130°E 80°E 90°E 100°E 10°E 120°E 130°E
60°E  70°E  80°E 90°E 100°E 110°E 120°E 130°E 140°E 60°E  70°E 80°E 90°E 100°E 110°E 120°E 130°E 140°E
z z
. N 1g . N 1g
C Annual Maximum Temperature A © D Annual Minimum Temperature A ©

z z

S S
< z
1) 1)
< <

z z

15} 1)

R z2 @9 z

Trend (C/a) =4 Trend (C/a) 2
Bl <-0.04 Bl <-0.06
[5 -0.04~-0.02 [7 -0.06~-0.03

z -0.02~0.00 z -0.03~0.00

B 0.00~0.02 5 0.00~0.03

S 0.02~0.04 £ | 9003006 g

I 0.04~0.06 | , N I 0.06~0.09 S
Bl >0.06 0 500 1,000 , / 0 Bl >0.09 0 500 1,000
KM O KM
e 2
80°E 90°E 100°E 1M0°E 120°E 130°E 80°E 90°E 100°E 10°E 130°E
FIGURE 4

Variation trends of annual (A) precipitation (mm/a), (B) mean temperature (°C/a), (C) maximum temperature (°C/a), and (D) minimum temperature(®

C/a) in herbaceous marshes of China during 2000 - 2020.

over compensatory effect (Maschinski and Whitham, 1989; Shen
etal,, 2022b), and the vegetation could accumulate more material by
photosynthesis the following day than it consumes by respiration
during the night (Wang et al., 2022a). This results in the
accumulation of material and an increase in NPP. The NPP in
the TP was significantly and positively correlated with autumn
Tmean (Figure 6). An increase in autumn temperatures leads to a
delay in the yellowing or senescence of vegetation leaves, resulting
in a longer growing season (Shen et al., 2022a; Huang et al., 2023)

1.00

and an increase in NPP. The NPP on the TP was generally positively
correlated with T,;, in autumn and winter (Figure 6), due to a
reduction in freezing-induced damage to vegetation (Shen et al.,
2022b). The NPP in the southern region of the TP was negatively
correlated with annual total precipitation (Figure 7). This may be
because of the higher altitude and lower temperatures in the area
(Zhong et al., 2019), where increased precipitation can lead to lower
temperatures (Ye et al., 2013) and the caused frost damage could
result in a decrease in NPP (Wang et al,, 2021).
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Partial correlations between the NPP of herbaceous marsh and meteorological factors in China from 2000 to 2020. Significant at ** P<0.01 and * P<0.05 levels.
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FIGURE 6
Partial correlations between the marsh NPP and meteorological factors in different herbaceous marsh regions of China from 2000 to 2020.

In the herbaceous marshes of CST, NPP was positively correlated
with spring precipitation (Figure 6), and was negatively correlated
with summer Tyean and Ty, in the coastal region. The increased
spring precipitation may reduce the accumulation of salts at the
surface and increase the activity of marsh vegetative root system in
the CST (Suttle et al., 2007; Chu et al., 2019), thereby increasing the
NPP of marsh vegetation in this region. Higher summer temperatures
increase plant growth rates and biomass in the CST (Suttle et al,
2007; Chu et al,, 2019). Additionally, warmer summer temperatures
increase evapotranspiration and reduce soil moisture content
(Wetherald and Manabe, 1995; Guan et al, 2011), resulting in
increased salinity and leading to a decrease in plant biomass and
growth rates in this region (Moffett et al., 2010; Tian et al,, 2019).

In the herbaceous marshes of SH, the NPP was not significantly
correlated with precipitation or temperature. This may be because
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the SH has beneficial hydrothermal conditions which do not limit
the growth of marsh vegetation (Shen et al., 2021b).

4.3 Variation in vegetation of herbaceous
marsh of China

From 2000 to 2020, there were increasing trends of annual and
summer precipitation in the herbaceous marshes of China
(Table 1). Based on the observed correlations between climatic
factors and NPP in the herbaceous marsh areas of China, we can
conclude that the increases in precipitation may be partly
responsible for the nationwide increase in herbaceous marsh
NPP. Annual total precipitation and summer precipitation
showed increasing trends in the TAS and the THS, and the
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Spatial patterns in the partial correlation coefficients between NPP and annual (A) precipitation, (B) mean temperature, (C) maximum temperature,
and (D) minimum temperature in herbaceous marshes of China during 2000 - 2020.

annual mean temperature and annual minimum temperature
showed increasing trends in the TP (Table 1). The increase in
annual total precipitation and summer precipitation may partly
explain an increase in the NPP in the TAS and THS, and the
increase in annual mean and minimum temperature may partly
explain an increase in the NPP in the TP. Spatially, the most
significant trend in increasing herbaceous marsh NPP was observed
in the northern region of the THS and the eastern region of the TAS
(Figure 2B). It is interesting that a highly significant increase in
annual total precipitation was observed in both the THS and TAS
(Table 1). Therefore, the increase in annual total precipitation may
partially explain the increase in NPP in both regions. The
decreasing trend in the annual total precipitation was mainly
concentrated in the eastern region of the THS, where annual
herbaceous marsh NPP was negatively correlated with annual
total precipitation. This possibly explains the decrease in
herbaceous marsh NPP in this region. Herbaceous marsh NPP in
the TP showed an overall increasing trend and was significantly and
positively correlated with summer temperatures (Tean, Tmax and
Tomin)> autumn Ty e, and autumn T,,;,. There was a significant
trend towards increasing temperatures in this region, therefore, the
increase in annual Ty, and summer and autumn temperatures
(T mean and Tyyin) may explain the increase in NPP in the TP to some
extent. Previous studies indicate that the Tibetan Plateau and the
temperate semi-arid and arid marsh regions will become warmer
and wetter in the future (Liu et al, 2017; Zhang et al, 2022).
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Therefore, the NPP of herbaceous marshes would continue to
increase to some extent in the future, especially in the
southwestern region of the Tibetan Plateau and the western
region of the temperate semi-arid and arid marsh regions of China.

4.4 Limitations

This study may have some limitations. First, the NPP data has a
relatively low resolution and possibly cannot reflect the actual
productivity of marsh vegetation within a 500 m x 500 m area.
At the same time, there may be uncertainty in the distribution of
herbaceous marshes, and more data on marshes are required to
validate our findings. Second, the meteorological stations are
relatively few and unevenly distributed in the marsh regions,
which may led to some uncertainties in the results. Third, this
study only analyzed the changes in annual NPP of herbaceous
marsh vegetation, as well as the impact of precipitation and
temperature on annual NPP in China. Environmental factors
other than temperature and precipitation, including solar
radiation, relative humidity, and human activities, may also affect
the NPP of herbaceous marsh vegetation. Moreover, we did not
analyze the NPP for different vegetation types and the responses of
seasonal NPP to climate change in this paper. In the future, we need
to further explore the NPP for different vegetation types and the
responses of seasonal NPP to more environmental factors changes.
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5 Conclusions

From 2000 to 2020, the NPP of herbaceous marshes in China
increased significantly with a rate of 3.34 g C/m?*/a. Increased
precipitation will cause an increase in the national average NPP
in China to some extent. At a regional scale, increased annual
precipitation significantly increased the NPP in temperate semi-arid
and arid and temperate semi-humid and humid marsh regions. For
the first time, we discovered asymmetric effects of daytime and
nighttime temperatures on NPP in herbaceous marshes of China. In
the Tibetan Plateau, increased autumn daytime temperature, as well
as summer daytime and nighttime temperatures could increase the
NPP of herbaceous marshes. In the temperate semi-humid and
humid marsh region, we found a differential effects of increasing
nighttime and daytime temperatures on NPP during the summer:
increased summer daytime temperature decreases NPP while
increased summer nighttime temperature increases NPP in this
region. This study highlights the different effects of seasonal climatic
changes on NPP of herbaceous marshes in different regions of
China, and suggests that the differential effects of daytime and
nighttime temperatures should be considering in simulating the
NPP of herbaceous marshes in terrestrial ecosystem models,
especially in the context of global asymmetric diurnal warming
(faster warming trend during the night than during the day).
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