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Abstract: Over the past 50 years, rainfall events have made significant alterations to environments due
to global warming. The grasslands in arid and semi-arid regions are extremely sensitive to variations
in rainfall patterns, which are considered to significantly affect ecosystem functions. In this study,
an experiment with varying rainfall sizes and frequencies (0 mm, 2 mm, 5 mm, 10 mm, 20 mm, and
40 mm) was conducted during growing seasons in typical grasslands, to study the effect of changes in
rainfall regime on net ecosystem exchange (NEE). Our results indicated that NEE exhibited nonlinear
responses to rainfall treatments, and reached its peak under 20 mm in middle growing season. Further,
the component fluxes of both NEE (i.e., gross primary productivity (GPP)) and ecosystem respiration
(ER) illustrated nonlinear responses to treatment gradient, with peak values at 20 mm and 5 mm,
respectively. Based on five-year eddy flux measurements, further analyses demonstrated that GPP
and ER increased with increasing soil moisture, and net ecosystem carbon uptake (-1*NEE) was
significantly stimulated due to a more enhanced GPP than ER, when soil moisture was above 8%.
Additionally, we found that the response of root biomass was different from that of carbon fluxes
to changes in rainfall patterns. Overall, these findings highlight the importance of both changes in
rainfall regimes in controlling ecosystem C exchange and investigation of the potential threshold for
ecosystem function shifts, which are crucial to further understand C cycles in grasslands.
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1. Introduction

Rainfall inputs alter ecosystem processes (e.g., primary production) and community structures
over short (hourly and daily) and long (seasonal and yearly) timescales [1,2]. Over the past decades,
there has been an amplification of the hydrological cycle due to global warming [3]. Changes in
amount, frequency, intensity, and extremes of regional rainfall by alteration of the hydrological cycle
have been broadly observed [3–5]. Rainfall appears to shift from more frequent and smaller to
fewer and larger precipitation events without change in total rainfall amount [6,7]. Therefore, it is
essential to understand the response of ecosystem processes to changes in rainfall regime, especially
for water-limited ecosystems.

Grassland ecosystems in arid and semiarid regions cover about 20% of land surface area and store
about 10% of global soil organic carbon [8]. They dominate the trend and inter-annual variability of
carbon sink, thus playing a critical role in carbon-climate feedback [9]. In grasslands, CO2 exchange
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is also controlled by variations in water availability [10–12]. Therefore, there is a strong relationship
between carbon cycle and rainfall inputs [13,14]. However, the response of CO2 exchange to changes
in rainfall regimes is unknown.

Net ecosystem exchange (NEE), the balance between gross primary productivity (GPP) and ecosystem
respiration (ER), is the shift signal from carbon source to sink, closely linking with the intensity of rainfall in
grasslands [10,15–17]. The different sensitivities of GPP and ER to variation in the intensity and frequency
of rainfall control the magnitude and direction of NEE [1]. The sensitivity of GPP and ER varies along
with change in rainfall patterns; therefore, it is difficult to predict the response of NEE to variations in
rainfall. For example, small rainfall events may result in a larger degree of increase of ER than GPP; NEE
is then found to be positive (carbon source) [18]. However, large rainfall events may result in a greater
degree of augmentation of GPP than ER; NEE is then found to be negative (carbon sink) [10]. Therefore,
there exists a rainfall threshold to meet the tipping point of NEE, along with changes in rainfall patterns
when NEE moves from positive (source) to negative (sink). Unfortunately, the rainfall threshold has not
yet been confirmed. Considering that changes in rainfall patterns in climate change experiments are key
processes for understanding and predicting potential trends in CO2 fluxes in semi-arid and arid regions in
response to advancing climatic changes, it is an urgent need to seek for a rainfall threshold to explore the
response of NEE to the variation in rainfall patterns.

In grassland ecosystems, plant roots significantly impact ecosystem CO2 fluxes to cope with the limit
of water availability [19]. Rooting depth is sensitive to precipitation infiltration depth [20]. Large rainfall
events infiltrate much deeper than smaller ones [1,21]; therefore, rooting depth may be caused by large
rainfall events. With variation in rainfall regimes in the future, rooting dynamics will be closely connection
with rainfall events. However, we have little information on how root dynamics responds to changes
in rainfall frequency and size of grasslands. In addition, GPP and ER have a significantly positively
relationship with root production [22]. For example, an enhanced GPP will increase root production, and
ER depends on root productivity [19]. Also, it is unknown whether the response of carbon fluxes has as
consistent a trend as the response of root production to change in rainfall patterns.

In order to examine the key gaps, we conducted three-year experiments in rainfall regimes with a
gradient of five rainfall addition levels (0 mm, 2 mm, 5 mm, 10 mm, 20 mm, and 40 mm) during growing
seasons in semi-arid grasslands in Inner Mongolia, China. The rainfall addition gradient offers the
possibility to test how NEE responds to change in rainfall regimes. We also measured carbon fluxes (NEE,
ER, and GPP) and primary production (aboveground biomass and belowground biomass), and quantified
the relationship between soil moisture and the above-mentioned carbon processes at an ecosystem
scale. The purposes of this study are to (i) reveal the general response patterns of NEE to changes in
rainfall patterns; (ii) examine the response patterns of root productivity to changes in rainfall patterns;
and (iii) compare the response of carbon fluxes and root production to changes in rainfall patterns.

2. Materials and Methods

2.1. Site Description

The rainfall experiment was conducted in semi-arid grasslands at the Duolun Restoration Ecology
Station at the Institute of Botany (42◦02′ N, 116◦117′ E), which is located in Inner Mongolia province,
China. Its long-term mean annual precipitation was 382.2 mm from 1953 to 2006, with about 80%
of annual precipitation falling in the growing season (May to October). Its long-term mean annual
temperature was 2.1 ◦C from 1952 to 2008, with an average low of −17.5 ◦C in January and a high of
18.9 ◦C in July [5,6]. Its soil type is classified as Haplic Calcisols, according to Food and Agriculture
Organization (FAO) classification. The concentration of the soil’s organic C, nitrogen, and phosphorus
is 0.16%, 0.17%, and 0.28%, respectively [23]. The vegetation is this region is a typical steppe community,
which includes Artemisia frigida Willd, Stipa krylovii Roshev., and Agropyron cristatum (L.) Gaertn [24].
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2.2. Experimental Design

During the growing seasons of 2015, 2016, and 2017, we manipulated a random block design
experiment with four replicates to simulate the changes in precipitation pattern. The experiment
consisted of 25.4 × 3 m plots that were established in 2012, and 20 of them were randomly assigned
to one of five rainfall variability treatments. Ambient rain plots without treatments were used as
controls by only receiving natural rainfall. During the growing seasons, each treatment plot was
irrigated using a sprinkling can of local groundwater. The water used for irrigation was obtained from
a reverse-osmosis system. We added the same amount of precipitation (80 mm, ca. 20% of MAP) over
the growing season, but varied the size and frequency of applied precipitation events (Table 1).

Table 1. The number, frequency, and start date of the rainfall treatment.

Rainfall Treatment 2 mm 5 mm 10 mm 20 mm 40 mm

Number 40 12 6 3 2
Frequency 2 days 3 days 7 days 15 days 1 month
Start date June 1 June 1 June 1 June 1 Mid-July

2.3. Measurement of CO2, and Abiotic and Biotic Variables

Ecosystem CO2 fluxes, ecosystem respiration (ER), and net ecosystem exchange (NEE) were directly
measured in middle growing season (July to August) by a multichannel automated measurement
system developed by the National Institute for Environmental Studies of Japan. The system consists of
an infrared gas analyzer (IRGA, Li-840, Li-Cor Inc., Lincoln, USA) and a data logger (CR3000, Campbell
Scientific, Inc., Logan, UT, US). More details on this multichannel automated measurement system can
be found in our previous studies [5,6]. In each plot, the system measured NEE (with sunlight) and
ER (with lightproof cloth covering). Each measurement lasted 150 s. The data logger monitored the
CO2 concentration output signals from the IRGA at a rate of 1 Hz and recorded their averages at 10-s
intervals. Only mid-values of 130 s (deleting the first and last 10 s) were used [5,6] to calculate the flux,
as shown in Equation (1):

F = ((V × P(1−W)/(R× S× T)) × (Uc/Ut) (1)

where F is the CO2 flux (umol m−2 s−1) (NEE or ER), V is the volume of the chamber (m3), P is the air
pressure (Pa), W is the water vapor mole fraction, R is the universal gas constant (8.314 J mol−1 K−1),
S is the base area of the chamber (m2), T is the air temperature in the chamber (K), and Uc/Ut is the
rate of increase in the CO2 mole fraction (mmol mol−1 s−1) in the chamber calculated by least squares.
Negative NEE indicates that the ecosystem absorbs CO2 from the atmosphere, while positive values
indicate CO2 emission.

We used Equation (2) to assess daytime ecosystem respiration (ERd) due to nighttime fluxes
representing night ecosystem respiration:

ERd = ERre f × (b1 + b2SWC) ×
(Ts − Tre f

10

)
(2)

where the ERre f is the ecosystem respiration at the reference temperature (10 ◦C) and optimal soil
moisture, Ts is the soil temperature, b1 and b2 are constant coefficients evaluated from the linear
relationship between nighttime ER, temperature, and SWC. Finally, GPP was indirectly estimated as
Equation (3):

GPP = ERd −NEE (3)

There were two thermocouples in each chamber to measure air temperature and soil temperature
(at a depth of 5 cm) at the same time as CO2 flux. Soil water content at depths of 10 cm, 20 cm, 30 cm,
and 40 cm were measured every three days by Diviner 2000 (Sentek Pty. Ltd., Australia).
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Aboveground biomass (AGB) and belowground biomass (BGB) were clipped in a 1 × 1 m quadrat
of each plot on 15 August. All living plants (AGB) above the soil surface were clipped by the harvest
method [17]. For each year, the locations of quadrats were randomly changed to prevent resampling of
the same quadrat. Plant root (BGB) were estimated at three depths (0–10 cm, 10–20 cm, and 20–40 cm)
with an iron tube (10 cm diameter and 1 m length), based on soil coring methods.

2.4. Eddy Flux Measurement (EC)

In order to further detect the relationship between soil moisture and carbon flux, half-hourly
fluxes of CO2, water vapor, and sensible heat above the canopy were measured continuously using the
EC technique near the field experiment (far from 100 m) from 2012 to 2016. In addition, air temperature,
rainfall, and soil moisture at three depths (0–5 cm, 5–20 cm, and 20–40 cm) were also recorded at
each 30-min interval. Quality control and gap-filling were performed by following the standard
China Flux processing method [25]. ER and GPP were calculated based on Equations (2) and
(3). In order to eliminate the effects of yearly variation in leaf area, NEE, ER, and GPP were
normalized with a division of leaf area index (LAI). Leaf area index LAI was calculated by models
developed by Hu et al. [25] (LAI = 0.106e4.064NDVI, R2 = 0.94). NDVI data were obtained by using the
Moderate Resolution Imaging Spectroradiometer with 8-d time resolution and 250-m spatial resolution
(http://daac.ornl.gov/MODI/modis.html).

2.5. Statistical Analysis

We analyzed the experimental data based on linear mixed-effects models. First, we tested the
effects of rainfall treatments on ecosystem production and C fluxes, as well as abiotic factors (soil
moisture, soil temperature, soil C and N content). Then we conducted ANOVA to examine inter-annual
variability in response variables, when combined with rainfall treatments. Because response variables
significantly differ between years, we also tested the impact of rainfall treatments on carbon fluxes
(NEE, ER and GPP) during middle growing season in each year. In linear mixed-effects models, rainfall
treatments and time (i.e., year) were included as fixed factors, and block was included as a random
effect. The Least Significant Difference (LSD) test was used to compare the differences for AGB, BGB,
and soil moisture at different depths among treatments. Nonlinear regression analysis was used to
correlate BGB to soil moisture at a depth of 20–40 cm.

In order to determine the relative importance of soil temperature and soil moisture on NEE, ER, and
GPP in the early and middle growing seasons, we analyzed the relationship between soil moisture, soil
temperature, and carbon fluxes (NEE, ER, and GPP) based on eddy flux measurement using a linear
mixed effect model. In the model, soil moisture and temperature were included as fixed factors, and the
experimental years were treated as a random factor. The proportion of variance (r2) explained by different
factors was also calculated using the linear mixed effect model. Linear regression was used to correlate
carbon fluxes (NEE, ER, and GPP) (normalized by LAI) to soil moisture in different growing periods.

3. Results

3.1. Influence of Rainfall Additions on Abiotic Factors

The three experiment years (2015–2017) were humid years with natural rainfall of 280, 330 and
283 mm, respectively, in the growing season (Figure S1). Soil moisture was increased under added
rainfall, compared to ambient (p < 0.05), and was significant higher in 20 mm treatments than the other
treatments at a depth of 10–20 cm in middle growing season (Figure 1)

http://daac.ornl.gov/MODI/modis.html
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Figure 1. Soil moisture under different treatments at a depth of 10–20 cm in the middle growing season.
ck: ambient control, 2 mm: 2 mm treatment; 5 mm: 5 mm treatment; 10 mm: 10 mm treatment; 20 mm:
20 mm treatment; 40 mm: 40 mm treatment. The different letters represent significantly different
rainfall treatments (p < 0.05).

3.2. Influences of Rainfall Additions on Plant Biomass

Rainfall treatments had no significant impact on AGB, BGB, and soil C:N (Table S1). Their AGBs
were consistently higher than those from ambient precipitation (Figure S2). However, BGB was the
highest under 2 mm treatment at a depth of 0–10 cm (Figure 2). At a depth of 20–40 cm, the response
of BGB to rainfall treatment followed a consistent trend in 2015 and 2016, and the highest and lowest
biomasses were under 10 mm and 5 mm treatment, respectively (Figure 2). Moreover, we found a
significant quadratic relationship between BGB and soil moisture at a depth of 20–40 cm (Figure 3).Sustainability 2019, 11, x FOR PEER REVIEW 2 of 14 
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Figure 2. Response of belowground biomass (BGB) to rainfall treatments at different depths in 2015
(a–c) and 2016 (d–f). ck: ambient control, 2 mm: 2 mm treatment; 5 mm: 5 mm treatment; 10 mm:
10 mm treatment; 20 mm: 20 mm treatment; 40 mm: 40 mm treatment. Error bars show standard errors.
0–10 cm, 10–20 cm, and 20–40 cm represents soil depth.
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Figure 3. Relationship between belowground biomass (BGB) and soil moisture at a depth of 20–40 cm
in 2015 (top) and 2016 (bottom) based on nonlinear regression analysis.

3.3. Influences of Rainfall Additions on C Balance

In middle growing seasons, rainfall treatment significantly affected NEE at the annual scale
(Figure S3, p < 0.05). Overall, net ecosystem CO2 uptake (-1*NEE) was stimulated in comparison
with ambient treatment over three experimental years (Figure 4). Net ecosystem CO2 uptake initially
increased and subsequently leveled off after 20 mm rainfall treatment (Figure 4), which was consistent
with that of soil moisture (Figure 1). Also, we found significant effect of rainfall treatments on GPP and
ER across three experimental years (Figure S3, p < 0.05). Rainfall treatments stimulated ER first, and
then suppressed ER after the 5-mm treatment. Additionally, GPP, with the same trend as NEE, was
stimulated under 20 mm treatment, and suppressed under the 40-mm treatment (Figure 4).
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Figure 4. Responses of NEE (net ecosystem exchange), ER (ecosystem respiration), and GPP (gross
primary production) to different rainfall treatments over three experiment years in middle growing
season. ck: control, 2: 2 mm treatment, 5: 5 mm treatment, 10: 10 mm treatment, 20: 20 mm treatment,
40: 40 mm treatment. The black and grey lines within the box represent the median and mean of
the carbon fluxes, respectively, across three sampling years (2015, 2016, and 2017); box limits indicate
carbon fluxes in the 25th–75th percentile range. Error bars indicate the 10th and 90th percentiles.
The open dots show the distribution of carbon fluxes data in each treatment.

3.4. The Relationship Between Abiotic Factors and Carbon Fluxes

Overall, soil moisture and temperature had significant effects on carbon fluxes (NEE, ER, and GPP)
(Tables S2 and S3). In early growing seasons, soil temperature had more significant effects on NEE
(explained around 7%–8% of the variation) than soil moisture (0.5%–3% of the variation) (Figure 5a,c).
In middle growing seasons, soil moisture had a more significant effect on NEE (explained 14% of the
variation) than soil temperature (0.6%) (Figure 5b,d).

GPP and ER were both significantly impacted by soil moisture in early and middle growing
season. In early growing seasons, soil moisture at the depth of 0–20 cm explained around 40% of the
changes in GPP and ER (Figure 5a,c). In middle growing seasons, soil moisture explained about 20%
more of the changes in GPP and ER than that in the early growing season (Figure 5b,d).

In early and middle growing seasons, GPP and ER were stimulated with the increasing soil
moisture (Figures S4 and S5). Moreover, the response of GPP to soil moisture at a depth of 0–20 cm was
more sensitive than that of ER, which was indicated by the greater slope of the regression function in
middle growing seasons (Figure 6). Additionally, net ecosystem carbon uptake was stimulated when
soil moisture was larger than 8% (v:v), because GPP was more largely stimulated than ER (Figure 6).



Sustainability 2019, 11, 6376 8 of 13

Sustainability 2019, 11, x FOR PEER REVIEW 5 of 14 

 

 

Figure 5. The percentage of variation in NEE (net ecosystem exchange), ER (ecosystem respiration), 

and GPP (gross primary production) explained by soil moisture (SoilM) and soil temperature (SoilT), 

as determined by linear mixed-effects models from 2012 to 2016 in the early growing season (a, c) 

and middle growing season (b, d). 

In early and middle growing seasons, GPP and ER were stimulated with the increasing soil 

moisture (Figure S4 and S5). Moreover, the response of GPP to soil moisture at a depth of 0–20 cm 

was more sensitive than that of ER, which was indicated by the greater slope of the regression 

function in middle growing seasons (Figure 6). Additionally, net ecosystem carbon uptake was 

stimulated when soil moisture was larger than 8% (v:v), because GPP was more largely stimulated 

than ER (Figure 6). 
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exchange), ER (ecosystem respiration), and GPP (gross primary production) in middle growing season.

4. Discussions

Our results showed that with rainfall treatments in a typical grassland, net ecosystem CO2 uptake
(-1*NEE), ER, and GPP first increased, and then decreased, with the peak at a threshold of 20 mm,
5 mm, and 20 mm, respectively (Figure 4). Our results also indicate that BGB has strong linkages with
soil moisture, induced by changes in rainfall patterns.
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4.1. Effect of Change in Rainfall Patterns on Carbon Fluxes

Net ecosystem CO2 uptake reached its peak with change in rainfall patterns. There appears to exist
a critical rainfall threshold under the change in rainfall patterns, below which rainfall suppresses net
CO2 uptake. If rainfall exceeds this threshold, net CO2 uptake decreases. The hump-shaped response
pattern of GPP was similar to that of NEE. This is because GPP, especially in summer, controls the
variation in NEE during the growing seasons [26,27]. Nevertheless, there were a few differences in the
responses to ER and NEE, which can be attributed to two reasons: First, larger rainfall may decrease
ER due to a reduction in O2 concentration with increasing soil moisture [28]. Second, previous studies
have considered that changes in rainfall frequency may cause significant differences in soil substrate
content of microbial respiration [29]. In our study, however, soil C:N ratio did not show significant
differences under our treatments.

At the Duolun site, the percentage of natural rainfall events greater than 20 mm was 8.24% (the
maximum 32.6 mm in total 182 rainfall events from 2012 to 2016); therefore, 40 mm can be considered
as an extreme precipitation event (EPE). Our results show that EPE increases net CO2 uptake in
middle growing seasons in comparison with natural rainfall treatments, which was consistent with
the observation from natural rainfall [30]. However, the effect of EPE on NEE still lacks consistent
agreement [16,30] due to discrepant treatments in current EPE experiments. In current opinion, EPE
significantly affects NEE at short timescale (e.g., during treatment) [16,17], but NEE is not effected by
EPE on a long timescale (e.g., after treatment or multi-year recurrence) due to ecosystem resistance [31]
or stress memory [32].

4.2. Effects of Change in Precipitation Patterns on Biomass

Our results also supported the view that AGB rose with increasing within-season rainfall
variability [33]. However, rainfall treatments did not significantly alter AGB, which was attributed
to several reasons. First, plant biomass is limited by multiple nutrients [34–36]. Soil N content may
become the dominated factor when rainfall is abundant [36–38]. Second, species richness (up to 30
species in our field) improvs the resistance of plant communities, thus keeping communities stable
when facing extreme rainfall (e.g., 40 mm treatments) [39].

Additionally, the distribution of BGB at surface depth (0–10 cm) may be closely related to more
and less rainfall intensity, because the duration of soil moisture was longer during the treatments. At a
deeper depth (20–40 cm), soil moisture content controlled the distribution of BGB. Moreover, BGB
seemed to reach its peak when soil moisture is around 10%, and root turnover rate may be stimulated
above the threshold [19]. Although less than 30% of root is distributed at a depth of 20–40 cm, deep
root was significantly important in connecting the hydrologic cycle and climate during dry periods,
thus regulating long-term carbon cycles [20].

4.3. Different Responses of Carbon Fluxes and Root Biomass

Previous studies have argued that the rising BGB with increasing rainfall is attributed to enhanced
GPP [17,19]. However, no positive relationship between BGB and GPP was found in our study.
This could be the reason why BGB is more sensitive to total rainfall amount [17,40]. In addition,
ER positively depends on the belowground biomass [19]. However, there were different response
trends of ER and BGB to changes in rainfall patterns. These might be due to the effective rainfall
threshold of ER in middle growing seasons is greater than 2 mm [18,29].

4.4. The Effect of Soil Moisture on Carbon Fluxes

Rainfall alters NEE through changes in soil moisture [41]. In middle growing seasons, net
ecosystem CO2 uptake was increased with increasing soil moisture (Figure 6). In addition, NEE
switched towards a carbon sink when soil moisture was above the threshold of 8%, because GPP was
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more enhanced than ER. Maximum net ecosystem CO2 uptake occurred with the 20-mm treatment,
which can also be due to the highest soil water content (15%–20%).

In our study, soil moisture above 8% was necessary for maximum net ecosystem CO2 uptake
in typical grasslands, while 6% was necessary for Africa savanna [42], 8%–14% for Tibetan alpine
steppe [43], and 8% for shortgrass grasslands [29]. This also suggest that changes in rainfall patterns
will play a more important role in carbon sequestration strength of Africa savanna.

We found a significant relationship between ER and soil moisture at surface depth (0–10 cm), which
was explained by the root distribution. ER is the sum of soil respiration (Rs) and plant autotrophic respiration
(Ra). Previous studies have shown that rhizosphere respiration dominates around 50% of the total Rs during
growing season in grasslands [44]. Moreover, Ra contributes about 50% of the total ecosystem respiration in
grasslands [45], especially in response to rainfall [13]. In our study, around 50% of root was distributed at a
depth of 0–10 cm, which resulted in the dominant role of Rs and Ra from soil surface depth. Therefore, soil
moisture had significant effects on ER at surface depth in the growing season.

Soil temperature is also considered an important factor affecting carbon fluxes [46]. It is noteworthy
that NEE was controlled by soil temperature in the early growing seasons than by soil moisture (Figure 5).
This was because soil moisture content was more induced by lower evaporation resulting from lower
soil temperature in the early growing seasons (18 ◦C average in 5 years) than that in middle growing
seasons (22 ◦C average in 5 years). Therefore, the change in rainfall patterns may have a less influence
on NEE in early growing seasons.

4.5. Implications for Grassland C Cycling to Precipitation Patterns Change

In conclusion, projected changes in the magnitude and frequency of precipitations necessitate
identifying potential mechanisms of influence on carbon cycle in grasslands. Our study provides a
fresh view in connection with changes in effects of rainfall patterns on the ecosystem carbon cycle.
We found that net ecosystem CO2 uptake (-1*NEE) first increased, and then decreased, along with
precipitation patterns, which was attributed to variations in soil moisture. In order to accurately
evaluate the carbon cycle–precipitation relationship, we strongly suggest analyzing changes in rainfall
treatments, especially for long-term events, taking into consideration ecological stress memory. We also
found a discrepant relationship between rooting dynamics and soil moisture depth, highlighting that
the response of root to precipitation may depend on rainfall patterns. Therefore, our conclusions
on the effect of changes in rainfall patterns on plant root dynamics are helpful in understanding the
response of plant communities to variations in rainfall regimes. Additionally, our results underscore the
meaningful consideration of the relationship between NEE and soil temperature in the early growing
season in current ecosystem models.
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