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Shrub-dominated ecosystems in the semiarid Horqin Sandy Land are important terrestrial ecosystems, and substantially affect global ecological health and security. However, there have been few studies of climate change’s effects on the carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross primary productivity) when these ecosystems are recovering from degradation. We used the eddy covariance technique to determine carbon fluxes and climatic conditions in this ecosystem from 2017 to 2021. The semi-fixed sandy land functioned as a carbon sink in wet years (NEE equaled −14.14 and −126.14 g C m–2 yr–1 in 2019 and 2021, respectively), but was a carbon source in dry years (NEE equaled 48.50 and 51.17 g C m–2 yr–1 in 2017 and 2020, respectively) and a normal year (NEE equaled 74.66 g C m–2 yr–1 in 2018). As expected in these usually water-limited ecosystems, water availability (precipitation and soil water content) were the dominant drivers of NEE, Reco, and GPP, but temperature and photosynthetic photon flux density (PPFD) also played important roles in regulating NEE, Reco and GPP in this recovering semi-fixed sandy ecosystem. With future precipitation and temperature increases, and continuing vegetation restoration, carbon sequestration by this ecosystem is expected to increase. Long-term observations will be necessary to reveal the true source and sink intensities and their response to environmental factors.
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1. Introduction

Human activities have led to unprecedented and devastating global climate change, including altered precipitation patterns, increased temperatures, and an increasing CO2 concentration (Intergovernmental Panel on Climate Change [IPCC], 2007; Yu et al., 2013). CO2 plays a major role in Earth’s mass and energy budgets, so quantifying ecosystem carbon cycles and carbon budgets is essential for planning a sustainable future (McGuire et al., 2009; Ma et al., 2020). The balance between photosynthesis (GPP, gross primary productivity) and ecosystem respiration (Reco) determines the net ecosystem exchange (NEE) in terrestrial ecosystems (Lasslop et al., 2010; Schmitt et al., 2010; Zhang et al., 2019). NEE is therefore an indicator of the strength of the carbon sink or source in terrestrial ecosystems, and comprehending the dynamics of NEE and the underlying mechanisms that drive those dynamics is a crucial issue in global change research (Yu et al., 2013). In particular, the division of NEE into GPP and Reco, which depict two of the fundamental mechanisms, provides a process-level, mechanistic explanation of the regional carbon balance (Reichstein et al., 2005; Jassal et al., 2007; Lasslop et al., 2010; Cao et al., 2021).

About 30% of the Earth’s surface is covered by arid and semiarid areas (Kefi et al., 2008; Poulter et al., 2014). Ecosystems in these areas are at risk of soil erosion and ecosystem degradation, which result from a combination of climate change, such as an increasing intensity and frequency of extreme climate events such as drought and extreme precipitation (Knapp et al., 2015), and unreasonable human activities, including overgrazing, excessive firewood harvesting, and excessive deforestation (Domingo et al., 2011; Wang et al., 2021). Despite the fact that many studies of carbon fluxes through ecosystems have been conducted in semi-arid areas (Du and Liu, 2013; Hao et al., 2017; Niu et al., 2020; Zhang et al., 2020), we still do not fully understand how these ecosystems function as CO2 sources or sinks (Huxman et al., 2004; Ma et al., 2007; Zhou et al., 2020; Niu et al., 2021). This is particularly true for degraded ecosystems during their recovery. Therefore, further investigation will be required to clarify the carbon budget and its controlling mechanisms for sandy land, and especially whether there are different controls on carbon flows in sandy land and other semiarid ecosystems.

The original landscape of China’s Horqin Sandy Land was a sparse shrubland and grassland with hydrothermal conditions that were adequate to support shrubs, an abundant plant community with a diverse composition, a stable ecosystem structure, and high productivity. However, the disturbance caused by extensive human activities and the cultivation of a large area of land have caused nearly 80% of the region to experience aeolian desertification since the 1980s; after years of effort to combat this desertification, including grazing exclusion using fences, the area of desertification accounted for only 26% of the total area by the end of 2015 (Liu et al., 1996; Zhao et al., 2007; Duan et al., 2019; Li et al., 2019; Niu et al., 2020). The region’s ecological environment is extremely fragile and vulnerable to damage (Meng et al., 2008; Zhu et al., 2020). Grassland, cropland, and ecosystems with semi-fixed sands are the main land uses in this study area (Duan et al., 2019; Zhu et al., 2020). Here, we define “semi-fixed sand” as land in a semiarid area that is covered by a sandy soil and that has a vegetation cover that ranges from 30 to 50% (Zhao et al., 2008); thus, although the vegetation cover indicates some stability against future degradation, it means that recovery is still proceeding. Previous research in this area has shown that the recovering sandy grassland ecosystem was a carbon source on an annual scale, whereas a nearby sandy maize cropland ecosystem was a carbon sink, and that the amount of carbon sink in both ecosystems increased with increasing precipitation (Niu et al., 2020, 2021). To the best of our knowledge, the carbon fluxes of the recovering semi-fixed sandy land ecosystem have received little attention (e.g., Hu et al., 2015), so more studies are needed to understand the carbon flux characteristics at the ecosystem scale, especially for semi-fixed sandy land that has been protected by grazing exclusion using fences to allow natural recovery.

Studies have found that numerous meteorological factors can play vital roles in regulating carbon fluxes (NEE, GPP, and Reco) (Hu et al., 2010; Papale et al., 2015; Tang et al., 2018; Zhang Q. et al., 2018; Watham et al., 2021). For example, the photosynthetic photon flux density (PPFD), air and soil temperatures, precipitation (PPT), soil water content (SWC), and vapor-pressure deficit (VPD) strongly controlled the dynamics of ecosystem carbon fluxes (Jia et al., 2014, 2016; Biederman et al., 2018; Liu et al., 2019). However, the availability of water is generally the main constraint that affects the carbon flux characteristics in water-limited ecosystems (Fu et al., 2006; Zhang et al., 2019; Niu et al., 2020, 2021; Zhou et al., 2020). Thus, water-related parameters such as PPT, SWC, and VPD control the variations in carbon fluxes at different temporal scales (Noormets et al., 2010; Gao et al., 2012; Jia et al., 2014; Niu et al., 2020). Both GPP and Reco may be limited by low water availability (Yuan et al., 2010; Zhou et al., 2013; Zhang Q. et al., 2018; Zhang T. et al., 2018). Decreases of GPP result from limitations on plant physiological processes and alterations of plant phenology (Meir and Woodward, 2010; Zhou et al., 2013), whereas decreases of Reco result from decreased root respiration (Linn and Doran, 1984; Bouma et al., 1997; Lee et al., 2003), decreased soil microorganism activity (Skopp et al., 1990; Drenovsky et al., 2004), and decreased decomposition of organic matter (Liu et al., 2009; Moyano et al., 2012; Cuevas et al., 2013; Wang et al., 2014). Therefore, quantifying how precipitation affects soil water regimes, and how these changes influence NEE, GPP, and Reco, is critical to evaluate the vulnerability of sandy land ecosystems to climate change, and this evaluation will support the development of strategies to preserve or restore these sandy lands (Zhang et al., 2019; Niu et al., 2020).

In this paper, we concentrated on carbon fluxes (NEE, Reco, and GPP) from 2017 to 2021 in a recovering semi-fixed sandy land ecosystem in Inner Mongolia, China. First, there has been little research in our study area, which is an important ecological area of China. Second, our study was conducted at multiple time scales and thereby revealed changes in the dominant factors that affect NEE in response to changes in the time scale. We emphasized carbon flux changes in semi-fixed sandy land ecosystems during the period of recovery from severe desertification, which is a period that has received insufficient attention in the literature. The study area became severely desertified due to excessive reclamation for agriculture and overgrazing. A series of grazing exclosures were erected in 2005 to provide protection against further damage and restore the functions of the degraded ecosystem, which is still recovering from its degradation. Previous research demonstrated that grazing exclosures can increased soil organic carbon and nitrogen and increased the plant species richness, thereby improving a degraded ecosystem’s carbon sequestration capacity (Witt et al., 2009; Wang et al., 2017; Adem et al., 2020). However, we still do not know whether the restored ecosystem in our study area is a carbon source or sink and do not fully understand the characteristics of its carbon fluxes. Exploring the characteristics of these fluxes and the influencing factors would provide important information for assessing the vulnerability of degraded semi-fixed sandy land ecosystems.

On this basis, we had three main goals for the present study: (1) To quantify the inter-annual, seasonal, and monthly changes of the three carbon fluxes (NEE, Reco, and GPP). We hypothesized that the semi-fixed sandy land ecosystem would be a carbon source at the annual scale because the ecosystem is still recovering from its degradation and therefore has low carbon sink capacity (Niu et al., 2020). (2) To identify the environmental variables that control these variations at the three time scales. (3) To identify the impact of water availability (with PPT and SWC used as proxies for water availability to plants) on the carbon fluxes. For goals 2 and 3, we hypothesized that moisture variables would be most important given the semi-arid environment, and would act through their differential effects on plant photosynthesis and soil respiration (Niu et al., 2020, 2021; Zhou et al., 2020), but that other environmental variables would also be important because of their differential effects on plant photosynthesis and soil respiration (Zhou et al., 2020). Previous studies have shown that carbon fluxes in semiarid ecosystems are sensitive to precipitation changes because water availability strongly controls plant growth by controlling carbon uptake and release (Potts et al., 2006; Wang et al., 2014; Scott et al., 2015; Tang et al., 2018; Zhang et al., 2019, 2020). For example, water availability was the dominant factor that influenced carbon fluxes in a sandy maize cropland (precipitation and irrigation) and in a sandy grassland ecosystem (precipitation and the magnitude of the effective precipitation pulses) in our study region (Niu et al., 2020, 2021).



2. Materials and methods


2.1. Site description

Our research was conducted at the Horqin Sandy Land in Naiman Banner, Tongliao City, Inner Mongolia, China (42° 55′N, 120° 42′ E, 377 m a.s.l.; Figure 1). The climate is a temperate continental semiarid monsoon climate, with an average annual temperature of 6.8°C and monthly mean values ranging from -9.6°C in January to 24.6°C in July. The mean annual precipitation was 360 mm, and most of the annual precipitation (70%) occurs from May to September (based on data from 1960 to 2014 at the Naiman meteorological station; Niu et al., 2020, 2021). The soils at our study site are a chestnut soil and an aeolian sandy soil (Zhao et al., 2007; Niu et al., 2020). The soil texture of the topsoil (to a depth of 20 cm) is 92% coarse sand, 2% fine sand, and 6% clay. The soil pH was 7.42, soil organic carbon content was 2.47 g kg–1, the bulk density was 1.66 g cm–3, the total nitrogen content was 0.16 g kg–1, and the field moisture capacity was 24.5%. Vegetation cover ranged from 30 to 50%, and was dominated by Caragana microphylla in the shrub layer, and the herbaceous species included Setaria viridis, Pennisetum centrasiaticum, Chloris virgata, and Artemisia scoparia.
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FIGURE 1
Location of the study area and its land uses. (A,B) are photos of the observation site during the growing season and dormant season, respectively.




2.2. Micrometeorological and carbon fluxes measurements

We measured PPFD, air temperature (Ta), precipitation (PPT), the soil water content (SWC), and the soil temperature (Ts) at four depths (10, 30, 50, and 80 cm). We used the eddy covariance method to determine the CO2 flux at half-hourly intervals from 2017 to 2021. Table 1 summarizes the characteristics of the eddy covariance system and the meteorological instruments. Data collection and regular calibration of the eddy covariance flux measurement system followed accepted guidelines (Lee et al., 2006). We screened out nighttime NEE values that were recorded with insufficient turbulent flow using a friction-velocity filter (u* < 0.1 m s–1, the friction-velocity filter provided by the instrument’s software; Zhu et al., 2006; Scott et al., 2009). We estimated the daytime ecosystem respiration by extrapolation from the parameterization derived based on the observed relationship between nighttime respiration and temperature, which was then used to separately derive daytime GPP and Reco (Lloyd and Taylor, 1994). For a more detailed description of the eddy covariance data processing (10 Hz raw data, 30-min data quality, and gap-filling methods), see Niu et al. (2020, 2021). We used the degree of energy closure to assess the data quality of the eddy covariance system (Wilson et al., 2002). The energy closures ranged from 0.58 to 0.67 throughout our study (Supplementary Figure 1), indicating that the data observed at our study site met the requirements for a reliable observation, which comprises a closure between 0.56 and 0.97 (Wilson et al., 2002; Niu et al., 2021).


TABLE 1    Characteristics of the eddy covariance system and the meteorological instruments and their positions at our study site in the semi-fixed sandy land ecosystem.
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2.3. Random Forest and statistical analyses

We used the Random Forest analysis model (Pham and Brabyn, 2017) [we used version 4.7-1.1 of the randomForest package for the R software (cran.r-project:web/packages/randomForest/index.html) for this analysis] to identify the main factors that influenced the seasonal NEE, Reco, and GPP (mean daily fluxes) for the meteorological factors (PPT, PPFD, Ta, VPD, and the Ts and SWC at four depths). Because the root system of the natural C. microphylla shrubs in our study area is mainly found above a depth of 80 cm (A et al., 2003), we measured the SWC and Ts at depths of 10, 30, 50, and 80 cm to cover the full rooting zone. Random Forest is a popular machine-learning algorithm that is used for both classification and regression. The fit of each “tree” in the “forest” is evaluated by using randomly selected points that include 2/3 of the original dataset in a bootstrap sample for training and retain the remaining 1/3 of the dataset for validation. The importance of each factor is determined by the magnitude of the increase in the residual variance when values of the dependent variables are permuted. Random Forest models are also simple to train, can handle a large amount of mixed-type data, and provide ways to evaluate variable importance scores (Pham and Brabyn, 2017). We also assessed the stability and generalization of the model and the cross-validated goodness of fit (R2) and the root-mean-square error (RMSE). We set the analytical parameters to 1,000 decision trees (ntree), 5 random subsets of the predictors (mtry), and a node size of 5 (Pham and Brabyn, 2017; Zhou et al., 2020; Niu et al., 2021).

For the data analysis at monthly and annual scales, we determined the relationships between the climatic factors and the carbon fluxes using correlation analysis (Pearson’s r). We used version 22.0 of the SPSS software1 to perform all descriptive statistics and statistical analyses: correlation analysis, one-way analysis of variance (ANOVA), and regression analysis. When the ANOVA result was significant, we used least-significant-difference (LSD) tests to determine which pairs of values differed significantly. Before the regression analysis, we tested for collinearity; we proceeded with the analysis if the variance inflation factor was VIF < 10. All datasets passed this test. We used version 8.0 of the Origin software (OriginLab Corporation, Northampton, MA, USA) for graphing our results.




3. Results


3.1. Meteorological conditions

The environmental factors showed strong seasonal dynamics from 2017 to 2021 (Figure 2). Temperature (Ta and Ts) and PPFD both exhibited approximately unimodal trends. These parameters were therefore largely stable and did not differ greatly among years (Table 2 and Supplementary Table 1).
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FIGURE 2
Seasonal dynamics of the (A) daily average vapor-pressure deficit (VPD), (B) photosynthetic photon flux density (PPFD), (C) air temperature (Ta), (D) the soil temperature (Ts) and (E) soil water content (SWC) at depths of 10, 30, 50, and 80 cm, and (F) daily precipitation (PPT).



TABLE 2    Annual mean values of the meteorological factors from 2017 to 2021 in the recovering semi-fixed sandy ecosystem.
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The annual cumulative PPT varied greatly during the observation period, and differed between many pairs of years (Figure 2F and Table 2), the PPT values in 2017 and 2020 were less than in a typical year (an average of 360 mm from 1960 to 2014; Niu et al., 2020; wet years, normal years and dry years are divided according to the average annual precipitation, which is generally less than −10% in dry years, −10 to 10% in normal year, more than 10% in wet year), whereas PPT in 2018 was nearly normal and 2019 and 2021 were wetter than normal. SWC followed the same general trend as PPT (Figure 2E and Supplementary Table 1).

Vapor-pressure deficit (VPD) is also related to PPT, but it showed the opposite pattern of SWC. VPD generally showed a unimodal trend, except for minor secondary peaks in 2019 and 2021, which were wetter than the other years (Figure 2A). However, the mean value did not differ significantly among the years, except for a significantly higher value in the dry year 2017 (Table 2).



3.2. Variations in carbon fluxes

Net ecosystem exchange (NEE), Reco, and GPP showed strong seasonal changes associated with cycles of vegetation growth throughout the growing season (from May to September), but NEE was generally stable across the years outside the growing season (Figure 3). Daily NEE, Reco, and GPP showed similar seasonal dynamics in all five years, with the ecosystem behaving as a carbon sink during most of the growing season (NEE < 0), but with a few days when it behaved as a carbon source. However, the magnitudes of NEE, Reco, and GPP differed among years (Figure 3A), with higher carbon fluxes in the wet year (2021) and normal precipitation year (2018) than in the dry years (2017 and 2020). We selected 2020 as a representative dry year (Figures 3B, D) and 2021 as a representative wet year (Figures 3C, E), and analyzed the changes of the carbon fluxes under different water conditions during the growing season (with different PPT and different SWC at the four depths). The results showed that the carbon fluxes in the wet year were significantly higher than those in the dry year: NEE was −1.20 versus −0.19 g C m–2 d–1 for wet and dry years, respectively; the corresponding Reco values were 2.89 versus 2.19 g C m–2 d–1, and the corresponding GPP values were 4.09 versus 2.38 g C m–2 d–1. All three differences were significant (P < 0.001). There are two main reasons for these differences. First, higher precipitation early in the growing season (June; 71.4 mm in 2021 vs. 39.4 mm in 2020) led to higher microbial activity, faster seed germination, and more growth of the plants, thereby increasing carbon fluxes. Second, the high precipitation frequency at the peak of the growing season in the wet year (July; 11 events for a total of 110.2 mm in 2021) greatly promoted the growth of herbaceous and sub-shrub plants. The root system of C. microphylla reached a depth of 80 cm, and SWC at 80 cm remained high (0.04 m3 m–3; Figures 3C, E). This increased the vegetation community productivity. In contrast, during the dry year, the continuous dry conditions at the peak of the growing season (July; 5 events for a total of 14 mm in 2020) significantly damaged or killed the herbaceous plants and thereby rapidly reduced carbon fluxes in the ecosystem (Figures 3B, D).
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FIGURE 3
(A) Seasonal variability of the daily mean carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross primary productivity) from 2017 to 2021. The variations of NEE, Reco, and GPP, and of precipitation (PPT) and soil water content at depths of 10, 30, 50, and 80 cm (SWC10, SWC30, SWC50, and SWC80, respectively) during the growing season in (B,D) the dry year (2020) and (C,E) wet year (2021). Red circles represent changes in NEE, Reco, and GPP and SWC in response to wet periods during the growing season; the blue circle represents the changes of NEE, Reco, GPP, and SWC during the dry period of the growing season.


At a monthly scale (Figures 4A–E), Reco and GPP generally showed unimodal trends and peaked in July. Due to the influence of PPT and SWC on these fluxes, NEE in the wet years showed carbon absorption throughout the growing season (from May to August in 2019 and 2021; Figures 4C, E and Table 2), whereas in the dry and average years, NEE showed carbon sink in about 3 months and carbon source in the other months (2017, 2018, and 2020; Figures 4A, B, D and Table 2).
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FIGURE 4
(A–E) Monthly and (F) inter-annual variations of the cumulative carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; and GPP, gross primary productivity) from 2017 to 2021.


At an annual scale (Figure 4F), the mean NEE, Reco, and GPP for all 5 years combined were 6.81 ± 36.35, 664.78 ± 31.49, and 658.79 ± 46.11 g C m–2 yr–1, respectively. In the wet years (2019 and 2021), the semi-fixed sandy land showed net carbon sink, with cumulative annual NEE of −14.14 and −126.14 g C m–2 yr–1, respectively (Table 2). In contrast, in the dry years (2017 and 2020) and the normal year (2018), the system showed net carbon source, with cumulative annual NEE of 48.50, 51.17, and 74.66 g C m–2 yr–1, respectively.



3.3. Responses of NEE, GPP, and Reco to variations in meteorological factors

The environmental factors and NEE were largely stable during the dormant season in all years, so in the rest of this paper, we will concentrate on the relationships between the carbon fluxes and the meteorological factors during the growing season. Figure 5 illustrates the importance values of the variables from the Random Forest analysis, which represent the contributions of the variables to NEE, Reco, and GPP. Supplementary Figure 2 shows the relationships between the measured fluxes and the fluxes predicted using the Random Forest model. For NEE, the most critical variable was PPFD, with an importance of 62.2%, followed by the factors associated with moisture (43.6% for SWC80, 41.9% for SWC50, 40.8% for SWC30, 29.3% for SWC10, and 22.9% for PPT), which were all significant at P < 0.01. For Reco, the air temperature (147.7% for Ta) was the most important variables, followed by shallow soil SWC (SWC10) and deep soil SWC (SWC80), with importance values of 76.7 and 73.2%, which were all significant at P < 0.05. For GPP, SWC80 was the most important factor, with an importance of 92.3%, followed by the factors associated with radiation (79.3 for PPFD), moisture (55.3% for SWC30) and temperature (49.9% for Ts30, 40.7% for Ts50, and 25.3% for Ts10), which were significant at P < 0.05.
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FIGURE 5
Importance values from the Random Forest model analysis for the daily mean carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross primary productivity) during the 2017 to 2021 growing seasons. ** and * refer to significance at 0.01 and 0.05, respectively. Variables: PPFD, mean photosynthetic photon flux density; PPT, daily total precipitation; Ta, mean air temperature; Ts and SWC, mean soil temperature and water content at depths of 10, 30, 50, and 80 cm; VPD, mean vapor-pressure deficit.


At the monthly scale, the carbon fluxes (NEE, Reco, and GPP) were significantly correlated with PPFD, temperature (Ta, Ts10, Ts30, Ts50, and Ts80), PPT, and deep soil water content (SWC30, SWC50, and SWC80), but were not significantly related to surface soil moisture (SWC10) and VPD (Figure 6 and Table 3). The monthly PPFD, average of the air and soil temperatures (Tave), PPT, and deep soil water content (SWC30, SWC50, and SWC80) were significantly negatively correlated with NEE but significantly positively correlated with GPP and Reco (Figure 6), and GPP responded more strongly than Reco to these factors: for the linear relationships in Figure 6, slopeGPP > slopeReco; for the exponential relationships, regression coefficientGPP > regression coefficientReco. That is, plants were affected more strongly than soil microbes by changes of PPFD, temperature, and water availability.
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FIGURE 6
Relationships between the monthly net ecosystem exchange (NEE), gross primary productivity (GPP), and ecosystem respiration (Reco) and the (A) mean photosynthetic photon flux density (PPFD), (B) average temperature (Tave), which represents the average of the air temperature (Ta) and the soil temperature at depths of 10, 30, 50, and 80 cm (Ts10, Ts30, Ts50, and Ts80) based on the results of a collinearity test, (C) total monthly precipitation (PPT), and (D–F) mean soil water contents at depths of 30, 50, and 80 cm (SWC30, SWC50, and SWC80, respectively) during the growing season.



TABLE 3    The results of the correlation analysis (Pearson’s r) for the relationships between the monthly carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; and GPP, gross primary production) and the potential drivers from 2017 to 2021 during the growing season.
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At the yearly scale, the mean PPFD, the Ta, the Ts at all depths, and VPD were relatively stable across the study period, and the relationships between these environment factors and the NEE, Reco, and GPP were not significant. The main environmental variation during the study period was the availability of water, which is reflected by PPT and the SWC at all depths (Figure 2 and Table 2). We found that NEE was strongly negatively correlated with PPT, but not significantly related to the other environmental factors (Table 4); conversely, Reco did not have a significant relationship with any of the environmental conditions, and GPP was significantly positively related with PPFD and SWC80. That is, the ecosystem’s carbon sequestration capacity rose when PPT, PPFD, and SWC80 increased.


TABLE 4    The results of correlation analysis (Pearson’s r) for the relationships between the mean annual carbon fluxes (NEE, net ecosystem exchange; Reco, ecosystem respiration; and GPP, gross primary production) and the potential drivers from 2017 to 2021.
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4. Discussion


4.1. Comparison with other dryland ecosystems

The NEE of the recovering semi-fixed sandy land ecosystem in our study area changed greatly, from carbon sink to carbon source, in responses to changes in the water availability, which agrees with previous studies of dryland ecosystems (Mielnick et al., 2005; Liu et al., 2012). Our study showed that the semi-fixed sandy land was a net carbon source in dry years, and a weak carbon sink in relatively wet years. The yearly mean NEE was 6.81 g C m–2 yr–1 during the study period (Figure 4F and Tables 2, 4). Our results agree with previous findings in dryland ecosystems, which showed that the variability in PPT significantly influenced the carbon fixation of the ecosystem, which is dominated by C. microphylla shrubs, leading it to alternate rapidly between carbon sink and carbon source (Jia et al., 2016; Liu et al., 2016). However, the magnitude of the average annual NEE at our site was lower than the magnitudes at grassland and shrub sites with similar PPT and seasonality in other parts of China and in the United States: a mixture of xerophytic shrub species had a mean NEE of −77 g C m–2 yr–1 (Jia et al., 2014); a phreatophyte-dominated ecosystem in China’s Gurbantünggüt Desert ecosystem had an NEE that ranged from −40 to −5 g C m–2 yr–1 (Liu et al., 2016); a Lycium andersonii and Ambrosia dumosa shrubland ecosystem had an NEE of −127 g C m–2 yr–1 (Jasoni et al., 2005); and a mature semi-arid shrub ecosystem in California, United States, that was dominated by Adenostoma fasciculatum had an NEE that ranged from −155 to −96 g C m–2 yr–1 (Luo et al., 2007). A regional synthesis of six eddy covariance sites (33 site-years of measurements) in shrublands of the three warm North American deserts (the Chihuahuan, Sonoran, and Mojave deserts) showed that NEE ranged from −100 to 10 g C m–2 yr–1 (Biederman et al., 2018). One of the factors contributing to the low NEE at our study site was the fact that the site was recovering from severe degradation, and therefore still had a relatively low vegetation cover (30 to 50%). This difference is a novel result because few previous studies examined recovering sites.

As expected, water availability (the magnitude and timing of precipitation and the SWC at different depths) were the dominant drivers of carbon fluxes in the water-limited ecosystem at our study site (Figures 3, 4, 6). However, desertification as a result of ecosystem degradation in the study region could have significantly decreased soil carbon storage (mainly due to the loss of nutrient-rich fine soil particles that were eroded by wind) and low soil productivity (because plant and litter carbon storage would have decreased as the vegetation cover, biodiversity, and land productivity decreased during ecological degradation) in the ecosystem at our study site (Feng and Xing, 2008; Zhou et al., 2008; Tang et al., 2015). Desertification can also seriously damage the carbon balance of an ecosystem, leading the carbon emission by soil respiration to exceed the carbon absorption by plants. In this case, the soil organic carbon pool becomes a backup carbon source for soil respiration that compensates for the lack of carbon sequestration and litterfall by plants.

To promote the recovery of a desertified ecosystem such as the one at our study site, managers should promote vegetation restoration and recovery of the ecosystem (Zhao et al., 2009). However, the carbon sequestration capacity of the recovering semi-fixed sandy land ecosystem was higher than that of another recovering sandy grassland in our study region that was dominated by herbaceous species, which had an average annual NEE of 49 g C m–2 yr–1 from 2015 to 2018 (Niu et al., 2020). A plausible explanation for the difference between the two areas relates to differences in the vegetation types and differences in their vegetation cover and biomass. Zhang (2007) demonstrated that the carbon fixation capacity of C. microphylla was higher than that of herbaceous and sub-shrub plants such as Artemisia frigida at the previous study site in the Horqin Sandy Land.



4.2. Impacts of environmental conditions on carbon fluxes

Carbon fluxes are influenced by a variety of environmental factors in complicated and interacting ways, and the main control factors change substantially across time scales (Fu et al., 2009; Niu et al., 2010; Zhang Q. et al., 2018). At a seasonal scale, our Random Forest results showed that PPFD and deep SWC (SWC80) were the most important environmental drivers for GPP and NEE (Figure 5), which suggests that light and soil water stress were limiting photosynthetic activity. As the main energy source for photosynthesis, PPFD plays an important role in plant carbon fixation, so with increasing PPFD, an ecosystem’s carbon sequestration capacity generally increases (Zhou et al., 2020; Niu et al., 2021).

Our results also demonstrated that deep SWC (SWC80) affected the seasonal variation of NEE and GPP (Figure 5), since the deep SWC would be closely linked to large precipitation pulses; for example, PPT > 20 mm caused synchronous increases in SWC80 in our study (Supplementary Figure 3). This is because the larger amount of precipitation can infiltrate more deeply into the soil and replenish the deep soil moisture, where it becomes plant-available and can sustain net photosynthesis (Niu et al., 2020). This result was similar to previous studies in dryland ecosystems (Austin et al., 2004; Kurc and Small, 2007; Tang et al., 2018). For seasonal Reco, shallow SWC (SWC10) was the most important factor, followed by deep SWC (SWC80) (Figure 5). Smaller rainfall events (PPT < 20 mm; Supplementary Figure 3) may alter the shallow SWC and increase microbial respiration at this depth (Thomey et al., 2011); the duration and extent of the microbial metabolic reaction appear to be tightly linked with the availability of shallow soil water content (Huxman et al., 2004). In addition, large rainfall pulses (PPT > 20 mm; Supplementary Figure 3) trigger plant root activity in deeper soil layers (Potts et al., 2006). These findings suggest that precipitation mainly affects carbon fluxes (NEE, Reco, and GPP) at a seasonal scale by affecting SWC in the different soil layers in our research ecosystem.

At a monthly scale, the mean temperature (Tave), water availability (PPT and SWC), and PPFD all played an important role in determining when photosynthesis led to net uptake of CO2 (Figure 6). GPP and Reco increased with increases of these factors (Table 3). Appropriate temperature, radiation, and water availability will promote photosynthesis and increase carbon fixation of plants (Georgieva and Yordanov, 1993; Huxman et al., 2004; Lin et al., 2005). Plants can increase their photosynthetic rates in response to environmental factors by increasing leaf-level CO2 exchange, adding more leaf area, or through a combination of both responses (Liu et al., 2012; Hao et al., 2013; Niu et al., 2020, 2021). In contrast, temperature and water availability (PPT and SWC) are the primary regulators of ecosystem respiration (Helbling et al., 2003; Kelsey et al., 2011; Zhang T. et al., 2018; Chang et al., 2021). In addition, root activity regulates the decomposition of soil organic matter and can release root exudates that sustain soil microbes, so its influence on the soil microbial community can limit or increase Reco (Moyano et al., 2012; Wang et al., 2014). The soil temperature and water availability can also increase microbial activity, root respiration, and soil enzyme decomposition of organic matter (Jassal et al., 2008; Wang et al., 2014). The soil temperature, water availability (PPT and SWC), and PPFD influence GPP and Reco differently, so changing the balance between production and respiration will change the monthly NEE (Hao et al., 2013; Niu et al., 2020, 2021). Our results are similar to previous research (Niu et al., 2020, 2021): GPP was more sensitive than Reco to changes in PPT (Figure 6). State-of-the-art climate models predict increases in the frequency and intensity of heavy precipitation events and rising temperatures in the future in our study region (Frank et al., 2015). Our results suggest that the amount of carbon sequestration in a semi-fixed sandy ecosystem such as the one at our study site will increase in response to the increasing precipitation and temperature (Lu et al., 2013).

At the annual timescale, PPT was the dominant factor that regulated the annual NEE in our semi-fixed sandy land. NEE was strongly and significantly negatively correlated with PPT on an annual basis during the study period (Table 4). Most previous studies showed that the magnitude and frequency of precipitation were important factors in regional climate change, as these factors affect biological processes at an ecosystem level (Liu et al., 2012; Hao et al., 2013). Greater rainfall would allow for higher stomatal conductance, leading to higher photosynthesis and leaf area (Harper et al., 2005; Ford et al., 2008; Novick et al., 2016; Niu et al., 2020). However, photosynthesis and biomass production also alter ecosystem respiration processes by affecting substrate availability to support soil microbial respiration (Epstein et al., 1997; Hao et al., 2013; Shi et al., 2014; Niu et al., 2020).

In summary, the three carbon fluxes (NEE, Reco, and GPP) were not affected by single factors, but rather by different combinations of environmental parameters. However, at longer time scales, the important factors that affect the changes of NEE, Reco, and GPP tend to converge on a smaller number of factors. At a daily timescale, their values were influenced primarily by radiation, temperature, and water, but at the monthly and annual timescale, the primary governing factor changed to water availability. Generally, water performed a key role in the change of ecosystem carbon fluxes at all time scales in our semi-arid study region.




5. Conclusion

We studied the carbon fluxes and their environmental driving factors at different time scales in a semi-fixed sandy land that is undergoing restoration to promote its recovery from ecological degradation and to combat desertification in the Horqin Sandy Land. We found that the carbon source or sink intensity of the ecosystem varied among years, largely in response to changes in water availability but also in response to interactions with other environmental variables. The fact that the ecosystem sometimes behaved as a net carbon source confirms our first hypothesis. We also confirmed our second hypothesis that water availability would play a crucial role in ecosystem carbon fluxes, but that other environmental variables would also be important because of their differential effects on photosynthesis and soil respiration. In the wet years (2019 and 2021), the semi-fixed sandy land was a carbon sink, whereas in the dry years (2017 and 2020) and the normal year (2018), the system was a carbon source, with a mean annual NEE of 6.81 g C m–2 yr–1 during the five years of our study. Although the magnitude of NEE was less than that in many previous studies, this can be explained by the fact that the study site is still recovering from severe degradation. Water availability and the air and soil temperatures played key roles in the changes of ecosystem carbon fluxes in our semi-fixed sandy land ecosystem. If precipitation and temperature increase in the future, as some models predict, vegetation will continue to recover and the ecosystem’s potential carbon sequestration is likely to increase.
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