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Changes in species composition and diversity-productivity relationships during vegetation succession are of great significance for the restoration of degraded grasslands. However, the human intervention of grassland restoration mostly considers the single ecological (diversity) or production (biomass) function of grasslands, and does not fully consider the relationships between the two to improve the restoration effects. In this study, three vegetation types (desert grassland, sandy grassland and temperate savanna) were considered to simulate the three stages of restoration of degraded temperate savanna (early, middle and late restoration). Changes in species composition, diversity, and diversity-productivity relationships during the temperate savanna restoration were explored through spatiotemporal substitution. The results showed that with the progress of succession, xerophytes decreased significantly, mesophytes and hygrophytes increased, C4 plants decreased gradually, and C3 plants increased. The change of species richness was the main reason for community differences in the process of community succession, and species replacement mainly occurred between communities in the early and middle stages of succession. Species richness increased significantly from early to late stage of restoration. Latitude was significantly negatively correlated with species diversity. In the process of vegetation restoration, the impact of species richness, Pielou’s evenness, and β-diversity on biomass gradually developed positively and continued to increase, while the Simpson index showed the opposite effect. This study provides references for the restoration of temperate savanna and emphasizes the ecological and productive functions of the grassland should be taken into account in the restoration strategy.
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1 INTRODUCTION
Grassland degradation is an important environmental problem that China and the world are facing at present (bo et al., 2022; Bardgett et al., 2021), but the degree of degradation and driving factors vary from place to place. In terms of the functional attributes of each ecosystem, it is necessary to give consideration to both ecological protection and production practices (Bengtsson et al., 2019). However, although we know that restoration strategies for degraded grasslands should be tailored to local conditions (Liu et al., 2019; Carbutt and Kirkman, 2022; Lyu et al., 2022), human interventions for grassland restoration tend to consider the single ecological (diversity) or productive (biomass) functions of grasslands (Guo, 2007). Moreover, the functions of grasslands have also changed during different restoration stages, which requires us to adjust strategies in time and respond flexibly. As we all know, the Chinese government has adopted a series of restoration projects for the treatment of degraded grasslands, such as reward and subsidy policies (Ding et al., 2022), returning farmland to grassland, rest grazing, grass-livestock balance (Hu et al., 2019), etc. These efforts have had a certain effect on the restoration of grasslands (Guo et al., 2021), but there are still some problems, such as the lack of targeted measures (Yan et al., 2021). Therefore, we need to make greater efforts to clarify the changes in community structure and ecosystem function during the restoration succession of degraded grasslands to serve the health of grasslands.
Otindag Sandy Land has formed a unique temperate savanna similar to tropical savanna around 8,000 years ago (Niu, 2018). It has been an excellent camp for grazing in the area for thousands of years. However, in recent years, the population surge, the reclamation of grassland under the implementation of grain-based policies, and overgrazing have led to serious grassland degradation (Liu and Wang, 2007), which has seriously affected the local ecological environment and economic development. Otindag Sandy Land is the nearest dust source area in the Beijing-Tianjin area. Under the implementation of the Beijing-Tianjin Sandstorm Source Control Project (Yang et al., 2015; Wu et al., 2019), the restoration of vegetation has achieved significant results, effectively playing an important role as an ecological barrier in the North China Plain. However, some studies have also shown that the degraded area in this area is higher than the restored area (Cong et al., 2022). The discrepancies in the findings reflect that the good effects of ecological engineering are not stable, as it is not appropriate to apply the same strategy to grasslands at different stages of degradation or restoration, which further indicates that our research on grassland restoration succession is insufficient.
At different stages of grassland restoration, actively balancing the ecological and productive functions of the grassland can help to obtain the best restoration effect (He et al., 2022). Community differences and diversity patterns under changes in species abundance and composition provide important references for restoration of degraded grasslands and conservation of biodiversity (Sluis, 2002; Nerlekar and Veldman, 2020). Understanding changes in the relationship between species diversity and productivity at different restoration stages will help us adjust strategies in time. Based on results from secondary succession of subtropical and temperate forests (Wang et al., 2010; Barrufol et al., 2013), coniferous forest succession (Taylor et al., 2020) and subalpine meadow succession (Jiang et al., 2020), the diversity-productivity relationship is complicated, such as unimodal, linear, etc. Obviously, these results cannot be directly applied to temperate savanna. Existing studies on the Otindag Sandy Land mainly focus on the aerial sowing area of Zhenglan Banner. On the one hand, the changes of functional plants in different restoration stages are explored (Mu et al., 2020). On the other hand, the changes of plant diversity in the process of vegetation restoration are concerned (Tian and Liu, 2015). These small-scale studies are insufficient to provide references for the succession of vegetation restoration in the entire Otindag Sandy Land. There are few studies on the vegetation changes in the restoration process of the temperate savanna, which may leave some important information missing, such as changes in species composition, diversity-productivity relationships. It is conceivable that the ecological restoration effect in this area is difficult to achieve effective improvement without data support.
In this study, based on the three vegetation types in the Otindag Sandy Land, we simulated the three stages of temperate savanna vegetation restoration through the spatiotemporal substitution method, and explored the changes in species composition, biodiversity, and productivity-biodiversity relationship during restoration succession. Specifically, there were three objectives as follows: 1) to explore whether the differences in community species composition during temperate savanna restoration are affected by the differences in richness or species replacement; 2) to examine whether plant diversity has continuously increased during the restoration of temperate savanna; 3) to explore whether the relationship between biodiversity and biomass has changed in different restoration stages. This study explores the changes in plant communities during the restoration of temperate savanna from the landscape scale, providing a reference for the implementation of regional ecological engineering and production practices.
2 MATERIAL AND METHODS
2.1 Study area
The Otindag Sandy Land located in the central part of the Inner Mongolia Plateau, China (41°46′–44°24′N, 112°22–117°57′E, Figure 1) is a typical temperate savanna (Yu and Chen, 2007). The overall elevation of the area is higher in the southeast and lower in the northwest, due to the Greater Khingan Mountains in the east and the Yinshan Mountains in the southeast. Except for the southeast which is on the edge of China’s monsoon climate, the rest of the region has arid and semi-arid climates. The mean annual precipitation (MAP) decreases from southeast (∼400 mm) to northwest (∼200 mm). The mean annual temperature (MAT) increases from east to west, with an average of 1.6°C. The soil types are zonal chestnut soil and non-zonal aeolian soil. The vegetation is dominated by sandy vegetation such as Stipa capillata L, Agropyron cristatum L.) Gaertn, Leymus chinensis (Trin.) Tzvel, Caragana sinica (Buc’hoz) Rehd. And Ulmus pumila L.
[image: Figure 1]FIGURE 1 | Distribution of vegetation type change times in the Otindag Sandy Land over 36 Years.
2.2 Field survey and sampling
Field data were collected from 107 study sites covering 10 counties in Inner Mongolia Autonomous Region, China (Figure 1). In each site, photos were taken to record the grassland types. Locations for the field study were related to different vegetation types including desert grassland, sandy grassland, typical grassland, Sandland Ulmus pumila L-dominated savanna, and Tara Ulmus pumila L-dominated savanna (Xue et al., 2018). Based on the landscape scale, the latter three grassland types were integrated into temperate savanna with a mixture of trees and grasses (Bond and Midgley, 2012). Therefore, the vegetation types recorded at the sampling sites mainly included desert grassland, sandy grassland and temperate savanna. We measured the degrees of degradation by the visual differences in biomass (Zhang et al., 2019), and the measurement results also found that the biomass increased significantly with the restoration of vegetation (Supplementary Figure SA2). We defined three vegetation types as three restoration stages (i.e., early, middle and late stages) using a spatiotemporal surrogate approach (Geng et al., 2022). We showed the number of large livestock and sheep in the Banner County involved in the Otindag Sandy Land in 2019 (Supplementary Figure SA1). Combined with the distribution of sampling points of each vegetation type, we can see that with the restoration of degraded grassland, the number of large livestock was increasing, while the number of sheep was higher in the early and late stages. There were three criteria to obtain rich information on species composition and minimize the potential disturbances from human activities: i) sites were located in the pre-made 20 ✕ 20 km grid; ii) sites were at least 50 m away from roads and >5 km from human habitations; and iii) Four plots with a distance of >10 m were placed randomly in four directions of the site. Elevation, latitude, and longitude of the sites were obtained from handheld GIS, while MAP and MAT from the WorldClim data website (https://www.worldclim.org/).
Field sampling was conducted from June 27 to July 31 in 2021 following standardized sample survey method. Four plots (1 × 1 m to grassland, 5 × 5 m to shrub, and 10 × 10 m to tree) from four directions of each site were established to represent the local condition (vegetation, soil types and so on) that covered an area of at least 200 m2–1,000 m2. We recorded the species, number of individuals and coverage of each plant in the quadrat (1 × 1 m). Species richness is the number of species in the quadrat. Aspect of the quadrat was measured by the compass of the handheld GPS, and the true north direction is 0°, increasing in clockwise direction (Yang et al., 2020). Slope was measured with a slope meter. All grasses were harvested for measurement of aboveground biomass. Three soil cores (5 cm; 0–20 cm depth) was collected randomly in the plot. One was used for belowground biomass, and the roots were screened with a 1 mm sieve. Another was divided into two parts (i.e., different depths: 0–10 cm and 10–20 cm) and used for soil water content measurement. The third was used for soil physicochemical properties. All biomass sample were dried at 60°C for 48 h 0–5 cm and 5–10 cm soil samples were taken with a 100 cm3 ring knife and dried to constant weight for soil bulk density calculation. In addition, combining with previous work on remote sensing image recognition, we calculated the number of changes in vegetation types at each sampling point in the past 36 years. According to different “change time”, three transect lines “upper line, middle line and lower line” were set up to study the change of the community during the whole restoration succession (Figure 1). At the same time, combined with the field survey, nine representative sampling points were selected for each type of grasslands (that was, each restoration stage).
2.3 Soil physicochemical properties
After field sampling, soil was air-dried and used for pH, electrical conductivity, total carbon C), and total nitrogen N) analyses. Soil pH and electrical conductivity (EC) were measured using pH meter and conductivity meter, respectively. After the soil has been pulverized, C and N were measured using Elemental Analyzer. Soil water content were calculated through the mass difference between before and after drying at 105°C.
2.4 Data analyses
Combined with the plant information recorded in the quadrat, we integrated the point data contained in each vegetation type. Beta diversity was calculated and broken down into the contribution of each species broken down into the contribution of each species (i.e., Species Contribution to Beta Diversity, SCBD). Then the species with SCBD greater than the average value were selected the main species in each restoration stage. We combined the flora website (http://www.iplant.cn/) and previous research to further confirm the characteristics of the species, such as life form, water-related characteristics, and photosynthesis (McCarron and Knapp, 2001; Wang, 2003; Wang, 2005; Liu and Wang, 2006; Chandrasekaran et al., 2016). Subsequently, we further analyzed the compositional differences of species in different restoration stages.
The main analyses were based on three sections. Firstly, biodiversity indices such as Shannon index, Simpson index, and Pielou’s evenness were calculated using the “diversity” function of the “vegan” package (Oksanen et al., 2015). Species distribution in three stages were described through non-metric multidimensional scaling. Secondly, β diversity was broken down into species replacement, richness difference, and nested structure, which was used to describe the reasons for differences among communities. At the same time, based on the number of changes in vegetation types over 36 years (Figure 1), three transects were designed to further explore the driving process of inter-community differences during restoration. Moreover, using the dispersal-niche continuum model to explore the main patterns of plant community construction in Otindag Sandy Land. Thirdly, whether there was a significant difference in the aboveground biomass, belowground biomass, and diversity index in the three restoration stages was completed through t-test. The relationship between diversity and biomass was analyzed through multiple regression. And the impact of environmental factors on biodiversity and biomass was analyzed through structural equation modeling. Statistical analyses were based on the GraphPad and R Software. p < 0.05 was statistically significant.
3 RESULTS
3.1 Species composition in different restoration stages
There are differences in vegetation characteristics at different restoration stages (Figure 2; Table 1). Regarding plant life forms, perennial species first decreased and then increased, while annual plant showed the opposite change. With regard to plant characteristics, xerophyte decreased significantly, while mesophyte or wet species increased. When it came to types of photosynthesis in plants, we found C4 plants gradually decreased while C3 increased. As a transition period, mid-restoration shared some of the same species as both early and late (Figure 3), which further demonstrated the existence of community succession as restoration progresses. The dispersal-niche continuum index calculated by life form grouping was 4.81, which indicated that the plant community construction in the Otindag Sandy Land was dominated by the niche process.
[image: Figure 2]FIGURE 2 | Species composition differences in different stages of restoration. CAM, Crassulacean acid metabolism.
TABLE 1 | Information on species that contribute more than average across ecosystems. CAM, Crassulacean acid metabolism.
[image: Table 1][image: Figure 3]FIGURE 3 | Species distribution of three stages of restoration through non-metric multidimensional scaling (NMDS).
Species replacement was the main reason for the difference of communities in early and middle stages of restoration, while species richness was for the late stage. Specifically, compared with the species replacement that existed in short distance, species richness could explain differences between long-distance communities (Figure 4A1). No differences in richness occurred between only one neighbor quadrat (14–20) at the middle stage of restoration (Figure 4B1). Conversely, the richness differences in two neighbor quadrat (48–47, 99–101) were larger (Figure 4C1). Moreover, species richness changes were the main cause of community differences during the succession process, except for the up line. Neighbor quadrat with species replacements were 8–12, 10–14, 14–20, 74–81, and 12–10 was the difference in species richness (Figure 5A1-B1).
[image: Figure 4]FIGURE 4 | The reasons for differences among communities. C, total carbon; N, total nitrogen; EC, electrical conductivity; AP, annual precipitation; AMT, annual mean temperature; Lat, latitude; Long, longitude. The site numbers correspond to the numbers of the sampling points in Figure 1. The sample point data at the initial stage of restoration (Figure 4A1) is not averaged (that is, four replicates are used) to meet the sample size required for analysis.
[image: Figure 5]FIGURE 5 | The reasons for differences among communities based on three restoration transects. C, total carbon; N, total nitrogen; EC, electrical conductivity; AP, annual precipitation; AMT, annual mean temperature; Lat, latitude; Long, longitude. The site numbers correspond to the numbers of the sampling points in Figure 1.
3.2 Species diversity in different restoration stages
Species richness increased significantly from early to late stage. Compared with the early period, the Shannon index, Simpson index, and Pielou’ evenness index in the middle and late periods all increased significantly, while β decreased, and there was no significant difference in the above indices between the two periods (Figure 6). Overall, latitude and AMT were all significantly negatively correlated with Richness, Shannon, Pielou’s evenness, and Simpson index (Supplementary Figure SA3). Grassland type (i.e., different restoration stages) decided the change of beta diversity (Supplementary Figure SA3). Similarly, drivers of species diversity have changed accordingly. Longitude and altitude were negatively correlated with Pielou’s evenness at early stage (Figure 7A). Longitude and altitude still had the same effect in mid and late periods, respectively (Figure 7B, C). AP were negatively correlated with Richness (Figure 7C).
[image: Figure 6]FIGURE 6 | Comparison of biodiversity indices at different restoration stages. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
[image: Figure 7]FIGURE 7 | Structural Equation Modeling of driving factors of biomass in different restoration stages. The solid and dashed lines represent significant and insignificant relationships, respectively. Red and blue represent positive and negative effects, respectively. Line width is related to correlation. C, total carbon; N, total nitrogen; AP, annual precipitation; AMT, annual mean temperature; Lat, latitude; Long, longitude.
3.3 Productivity-biodiversity relationships in different restoration stages
Above-ground biomass increased significantly as the restoration succession proceeded, while below-ground biomass was significantly lower in the middle of the succession than in other periods (Figure 8). The environmental impact on biomass and the relationship between diversity and biomass, differed in different restoration stages. For aboveground biomass (AGB), 10–20 cm water content was significantly negative effect at early and middle stage of restoration (Figure 8A). AMT was negatively related to AGB at the middle stage (Figure 8C). For belowground biomass (BGB), AMT also had significantly negative impact at early and middle stage of restoration (Figures 8B, D). Longitude was indirectly and significantly positively correlated with AGB and BGB through its negative effect on the Pielou’ evenness index at middle stage (Figure 8C, D). Drivers of AGB and BGB biomass were not synchronized at different recovery stages (Figure 8A), but the effect of plant diversity was similar (Figure 9; Supplementary Table SA1). With the restoration of vegetation, the effects of species richness, Pielou’s evenness, and beta diversity gradually developed towards positive effects and kept increasing, while Simpson index showed the opposite effect.
[image: Figure 8]FIGURE 8 | Comparison of aboveground and belowground biomass at different restoration stages. ***, p < 0.001; ****, p < 0.0001.
[image: Figure 9]FIGURE 9 | Comparison of the effects of plant diversity on aboveground and belowground biomass at different restoration stages. *, p < 0.05; **, p < 0.01.
4 DISCUSSION
4.1 Species composition in different restoration stages
Differences in species composition at different restoration stages existed, but vegetation restoration was feasible from the perspective of community succession. As a special ecosystem similar to tropical savanna, Otindag Sandy Land formed the top succession vegetation of temperate savanna 8,800–6,270 years ago (Niu, 2018). Now, climate change and disturbances from human activities have resulted in varying degrees of degradation in the area (Liu and Wang, 2007; Liu et al., 2008). This study explored the composition and changes of community species from the perspective of succession to help the effective restoration of vegetation in the area. As the succession progresses, the characteristics of the species change significantly (Figure 2B, C), which further reflects the adaptation of the species to the local environment, such as drought, high and low temperature (VanWallendael et al., 2019). It should be noted here that the three restoration stages we selected were based on three typical vegetation types distributed in different places on a large scale. A high proportion of xerophytes appeared in the western part of Otindag Sand Land with less rainfall (desert grassland). Compared with C3 plants, the unique response strategies of C4 plants to high light, high temperature, and low moisture contribute to their survival under drought conditions (Zhou et al., 2018). In the middle and late stages of vegetation restoration, except for xerophytes, the proportion of plants with different characteristics increased, which not only reflected the high heterogeneity of the environment in the Otindag Sandy Land (Li et al., 2011), but also reflected the gradual succession of the community (Chang and Turner 2019). Therefore, we need to fully consider the community structure and select appropriate species according to the restoration stage of the grassland to improve the effect of ecological engineering.
Differences in community species composition during temperate savanna recovery are caused by differences in richness. Specifically, in the early and middle periods of restoration, the differences in community composition were mainly due to species replacement, while in the later period were differences in richness, which reflected that the environmental and spatial characteristics of metacommunities affected their species distribution patterns at least to a certain extent (Cottenie, 2005). For example, EC and AP explained the richness difference between 12–4 and 120–1 (Figure 4A1-A2). And similar pH was the reason for species replacement between 14 and 20 (Figure 4B1-B2). Also, similar altitude could explain the species replacement process of community between 74 and 81 (Figure 4B1-B2). We found only community of up line did not differ in species richness (Figure 5), which was consistent with the negative relationship between latitude and richness (Gillman et al., 2015). In addition, we found that the construction of plant communities in Otindag Sandy Land is dominated by niche processes, which further improves our understanding of ecological restoration design. In other words, based on the restoration stage of the grassland, we should choose to replace or increase species from the perspective of ecological niche.
4.2 Species diversity in different restoration stages
Changes in intercommunity diversity patterns during plant community succession were the result of choices of life history strategies in different environmental contexts (Denslow, 1980), especially the succession stages we chose based on different vegetation types. Unlike the hump-type diversity pattern that occurs during the succession of abandoned land (Sun et al., 2017), and arid and semi-arid forests (Geng et al., 2022), but similar to the succession of secondary forests (Wang et al., 2010), we found that species richness increased significantly with the succession of temperate savanna, which further reflected the importance of species richness differences in community succession (Figure 5). We found there were not significant difference in other diversity indices (Shannon, Simpson, Pielou’s evenness, and β diversity) between middle and late stage, which meant they peaked during the transition period. Although similar changes occurred in the abandoned land study (Gutko et al., 2001), Zhang et al. found a slight decrease in evenness (Zhang et al., 2000), while Wang et al. found it increased significantly during forest restoration on the Loess Plateau (Wang et al., 2022). These differences may be due to different environmental contexts and vegetation types. Furthermore, these results may also arise from our relatively coarse classification based on landscape scales. The result might be clearer if we add another mid-late stage (such as typical grassland or shrub meadow) as a transition between the mid- and late stages. Moreover, as an important part of the temperate savanna, the shrub taxa need further research on the role it plays in maintaining the community structure and function. The invasion of shrubs to grasslands may alter species interactions and community stability, thereby affecting biodiversity (Báez and Collins, 2008).
The latitudinal pattern of species richness, that is, low latitudes have high species richness, is a common phenomenon (Willig et al., 2003; Gillman et al., 2015), which was consistent with the results of this study (Figure 7A1). At the same time, we found that a significant negative correlation between precipitation and richness appeared in the late succession, which was inconsistent with the experimental precipitation results (Korell et al., 2021). Here, we need consider the special ecosystem, especially based on the interaction of trees, shrubs and grasses, the precipitation use efficiency of the temperate savanna system was twice that of the grassland (Jiang, 2011). Namely, understanding precipitation effects at different stages of restoration requires full consideration of community structure.
4.3 Productivity-biodiversity relationships in different restoration stages
The relationship between diversity and above- or below-ground biomass differed at different stages, but its effects on above- and below-ground biomass were similar (Figure 9). Overall, the positive effects of species richness and biomass were gradually enhanced, which may be related to the diversity of resources in different environmental backgrounds (Wang et al., 2022). And the effect was obvious under the conditions of abundant resources, which is a relatively common phenomenon (Tilman et al., 1996; Li et al., 2018; Dyola et al., 2022). Structural equation model showed that the correlation between the two was small (Figure 7), which may be due to the fact that there were more creeping low-biomass species in the quadrats, such as Potentilla acaulis L, Euphorbia thymifolia L, etc. The effects of Pielou’s evenness and Simpson index on aboveground and belowground biomass, respectively, were all inconsistent (Supplementary Figure SA3), which required further exploration of their status at different recovery stages. In addition, we only took 0–20 cm soil layer soil to measure belowground biomass, which may underestimate the contribution of deep-rooted woody plants such as shrubs to belowground biomass, even though the sampling was done in herbaceous quadrats. In the process of vegetation restoration, the role of dominant species was gradually decreasing, which need to be combined with changes in the intensity of grazing (Sanaei et al., 2021). Meanwhile, community biomass was more dependent on the increase of species evenness (Figure 9), which was consistent with the changes of environmental background (Fridley, 2001). For example, xerophytes were still dominant in the first two stages, while various types of plant species were relatively uniform in the later stage of recovery (Figure 2). This result reflected that the community had enough ecological niches to allow the coexistence of various species, which further proved that the community construction in this area was dominated by the ecological niche process (value >0). In addition to the direct effect of the environment on the biomass (Supplementary Table SA2), it can also be realized through the indirect effect on the diversity (Figure 7C, D). Therefore, in a system that considers ecological restoration and grazing simultaneously, it is necessary to further consider the coupling effect of environmental factors to promote the restoration of the system and maintain its sustainable development (Yachi and Loreau, 1999; Liu et al., 2015; Rahmanian et al., 2020; Xiang et al., 2021; Shao et al., 2022).
5 CONCLUSION
This study explored changes in plant species composition, diversity, and diversity-productivity relationships during temperate savanna restoration at the landscape scale. We found that the plant community construction in this area was mainly a niche process, which to some extent explained the species replacement and richness differences among communities in each restoration stage. The changes in plant characteristics at each recovery stage also confirmed the changes in plant diversity patterns, and further provided a possible basis for the changes in the diversity-productivity relationship. This study suggested that grassland ecological function and production function should be considered in the restoration strategy of temperate savanna, and the vegetation status and grassland use intensity and mode in each region should be fully investigated to promote effective vegetation restoration.
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