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Abstract

:

Enclosure (prohibition of grazing) is an important process to restore alpine grassland on the Qinghai-Tibetan Plateau. However, few studies have quantified the extent to which the long-term enclosure may contribute to the changes in plant phylogenetic diversity and community assembly in alpine grassland under environmental change. In this study, based on an 11-year fencing experiment along an altitudinal gradient ranging from 4400 m to 5200 m in central Tibet, we conducted an observation of species composition and coverage within and outside the fences in the fifth, eighth and eleventh year, and monitored the related climate and soil factors at 7 sites. Our aim is to quantify the relative effects of environmental change and grassland management on the alpine plant community assemblage. The results were: (1) the overall phylogenetic structure (NRI) of the alpine plant communities, whether inside or outside the enclosure, was divergent at altitudes where the environment was relatively unextreme (4800–5100 m), but aggregative at altitudes with low precipitation (4400–4650 m) or with low temperature (5200 m). (2) The phylogenetic structure of the nearest taxon of species (NTI) was more aggregative along the whole gradient. (3) Precipitation was the dominant factor driving the changes in species richness, phylogenetic diversity and community α-phylogenetic structure indices (NRI and NTI), followed by enclosure duration and soil C:N ratio. (4) The phylogenetic structure of the communities was similar at higher altitudes under grazing or enclosure treatments, and was opposite at lower sites. Stochastic processes have driven the changes in the communities between inside and outside the fences at all altitudes. In addition, homogeneous dispersal occurred in communities at higher sites. In summary, the 11-year enclosure had little effect on community structure of alpine meadows where the grazing pressure is relative lower, whereas it could help restore the community of steppe meadow at lower altitudes where the grazing pressure is extensively higher. This study may provide a vital theoretical support for the formulation of differential management for alpine grassland on the Tibetan Plateau.
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1. Introduction


There is increasing evidence that conserved traits of ecological niches play an important role in ecology and phylogenetic evolution [1,2]. In the context of the long-term debate between ecological niche theory and neutral theory [3,4,5,6,7,8,9,10], researchers have also found that deterministic ecological processes (e.g., environmental filtration and biological interactions) and stochastic ecological processes (e.g., birth/death, species formation/extinction and migration) can both affect the community assembly [11,12,13,14,15,16,17] and are considered as complementary in reality ecosystems [18,19]. Therefore, revealing factors that control the relative impact of deterministic and stochastic processes at different spatiotemporal scales has become one of the core issues of community assembly [20]. Based on the neutral hypothesis of biomolecular evolution, Vellend [21] set up a theoretical framework, dividing community dynamic processes into selection, dispersal, speciation and ecological drift. Due to the development and functioning of the above four processes, the impact of the deterministic process gradually decreased, while that of the stochastic process gradually increased [22]. This theoretical framework unifies ecological niche theory and neutral theory and exerts a wide impact on community ecology [19,23,24,25,26]. This theoretical innovation also opens a new way to deconstruct the community assembly mechanism in different ecosystems.



Over the past decades, grassland degradation has become one of the vital problems of global changes threatening the stability of the terrestrial ecosystem [27,28,29] and hinders the sustainable development of regional economies and environments [30,31], and will eventually endanger human society, economic development and earth habitat [29]. On the Qinghai-Tibet Plateau (QTP), alpine grassland is the most widely distributed vegetation type, occupying approximately 60% of the whole area [32]. However, the short growing season length of alpine plants and the increasing number of livestock have led to widespread overgrazing in this region [33,34,35]. The impact of climate change (e.g., warming and drying) has now degraded up to 4.25 million ha of alpine grassland, accounting for one-third of the grassland area of the QTP [36]. As one of the common methods of vegetation restoration and rehabilitation of degraded grasslands [37,38], fencing refers to the use of fencing facilities to enclose grasslands for a certain period of time to recuperate and regenerate grassland plants, improve productivity and restore biodiversity [37,39]. Different studies reported different conclusions about the impact of enclosure on the phylogenetic community assembly. For example, studies on temperate grasslands in North America found that grassland restoration resulted in increased competition for dominant species, with more closely related species being excluded from the community, leading to an overdispersion pattern of community phylogeny [40]. In the Netherlands, a 7-year enclosure treatment promoted a more stochastic plant community assembly in a floodplain grassland [41]. However, in temperate shrub-grasslands in northern China, Hao found that the long-term enclosure enhanced the negative effect of competition between dominant species and auxiliary species, resulting in a more aggregated community phylogenetic structure [42]. Meanwhile, Sun found that the short-term enclosure did not result in significant differences in the community phylogenetic structure in alpine steppes meadows. It is also found that the effect of grazing on the community phylogenetic structure in alpine grasslands of northern Tibet was more correlated with grazing intensity [43]. High grazing intensity shifted the community phylogenetic structure from dispersion to aggregation, while low grazing intensity had little effect on species richness and community structure [44]. However, the above studies have not yet quantified the extent to which interannual changes of environmental factors during restoration may affect the phylogeny of grassland communities. In addition, whether the community assembly in alpine meadows is dominated by stochastic or deterministic processes during restoration, and whether there exists altitudinal variation is yet poorly known and needs to be answered.



The widely distributed alpine grassland on the QTP, with large altitudinal gradients and fenced versus grazing pastures, provides us an ideal platform to explore whether the long-term enclosure may contribute to the changes in phylogenetic diversity and community assembly in alpine grassland under climate change. We therefore set up an experiment along the altitudinal gradient in central Tibet to reveal the mechanism of alpine grassland community assembly during 11 years of enclosure. Previous studies have shown that species richness and aboveground biomass along the gradient reflected a unimodal pattern, while the limiting climatic factors at the upper and lower limit of the gradient were low temperature and drought, respectively [45]. We hypothesized that environmental filtering dominates the phylogenetic structure of alpine grassland plant communities, and the phylogenetic structure of plant communities at high and low altitudes is relatively clustered, while the phylogenetic structure at medium altitudes is divergent. In addition, we guessed that the change of phylogenetic community structure similarity between inside and outside fences may be related to the grazing intensity and enclosure time period, and it will happen at lower altitudes with high grazing pressure rather than at higher altitudes. Therefore, our aims were to (1) clarify the relative effects of environmental factors and grassland management on plant species richness and phylogenetic community assembly of alpine grassland and (2) reveal the relative impact of stochastic processes and deterministic processes on alpine grassland restoration.




2. Materials and Methods


2.1. Overview of Study Sites


The experiment was set up on the southern slope of Nyenqing-Tanggula Mountain in the central Tibetan Plateau (30°30’–30°32’ N, 91°03’ E; 4400–5200 m), near the grassland station in Dangxumg County, Tibet (Figure S1). This region is dominated by a semi-arid continental climate. According to the data of the Dangxumg meteorological station (4 km from the lowest site and 4288 m a.s.l.) during 1963–2017, the annual mean air temperature and precipitation were 1.94 °C and 479 mm, respectively. There are increasing trends of annual mean air temperature from the 1970s, and annual precipitation from the 1980s to the 2000s (unpublished data). As the only pure animal husbandry county in Lhasa, the capital of Tibet, Dangxumg County is rich in grassland resources (about 70% of the total area is grassland). Due to the high quality and vast area of grassland, the number of yak and sheep in this county reached 2.837 × 105 and 2.215 × 105 in 2017, respectively. In our study area, the resident settlement sits at the lower altitudes (Figure S1) where the grazing intensity is much greater than at higher altitudes.



In 2005, nine HOBO automatic weather stations (Onset Inc., Bourne, MA, USA) were installed at 4400 m, 4500 m, 4650 m, 4800 m, 4950 m, 5100 m, 5200 m, 5300 m and 5500 m (Figure S1). Air temperature (1.5 m above ground) and precipitation dynamics were recorded by the HOBO digger every 30 min. According to the automatic weather station data along the gradient from 2006 to 2016, the multi-year growing season mean air temperature (GST) decreased at a rate of 0.74 °C/100 m. However, growing season precipitation (GSP) showed a unimodal pattern with the maximum GSP (close to 500 mm) occurring at 5100 m and the minimum GSP (less than 370 mm) at and below 4650 m (Figure S2). The soil nutrient content, including soil organic carbon and nitrogen, also showed a unimodal pattern, with the maximum values occurring at 5100 m and minimum values at 4400 m (Figure S2).



Along the slope, the alpine steppe meadows with dominant species of Stipa pillacea, S. purpurea and Kobresia humilis are distributed at 4400–4600 m, while typical alpine meadows with K. pygmaea as dominant species are mainly distributed between 4600 and 5200 m. Other companion species include Androsace tapete, K. humilis, Potentilla saundersiana and Thalictrum alpinum [45,46]. The grass line, i.e., the upper limit of grassland, locates around 5200 m where the vegetation coverage is about 30–50%. The peak of vegetation above-ground biomass (AGB) occurs in late July to early August.




2.2. Measurement of Species Richness and Coverage of Each Species


In September 2006, we set up a 20 m × 20 m fence at each of the six altitudes below 5200 m (Figure S1). All the fences were set near the automatic weather stations mentioned above. At 5200 m, a large-sized fence was not used due to very low grazing intensity. Four 1 m×1 m fixed quadrats were set up within and without the fence in each altitude. Due to the chronic change of community in alpine grassland, species richness (SR) and coverage of each species were investigated during the peak growing season (from late July to early August) in 2011, 2014 and 2017. The quadrats were divided into 100 small grids of 10 cm × 10 cm, and the species names and coverage of each grid were recorded. Species richness was defined as the number of species per unit area for each quadrat [45].




2.3. Statistical Analysis


Species names were checked by R package plantlist and the assignment of families and genera was based on the Angiosperm Phylogeny Group IV classification [47,48]. The phylogenetic tree was generated by using the ape package [49].



Phylogenetic diversity (PD) has been considered to be a predictor of ecosystem functioning as conserved traits of ecological niches [50] and represents the evolutionary potential of a species setting against environmental changes [51]. Nowadays, PD has been increasingly considered as a strategy to identify geographical regions with maximum diversity and resilience to climatic fluctuations [52,53]. Therefore, to evaluate the total evolutionary history of the species in an assemblage, Faith’s PD was used and calculated by ape and picante package [49,54]. We also weighted the coverage of each species to calculate the Net Relatedness Index (NRI) and the Nearest Taxon Index (NTI) for revealing phylogenetic overdispersion (co-occurring species are more distantly related than would be expected by chance) or phylogenetic aggregation (co-occurring species are more closely related than would be expected by chance) by the null model of picante package [54,55,56].



In detail, a positive value of NRI or NTI indicates phylogenetic aggregation, and if the value is greater than 2, the phylogenetic aggregation pattern is significant; a negative value of NRI or NTI indicates phylogenetic overdispersion, and if the value is less than −2, the phylogenetic overdispersion pattern is significant [57]. The above 3 indices are different aspects of phylogenetic α-diversity in this study. Species richness and phylogenetic α-diversity indices were compared between inside and outside the enclosure at different altitudes using independent sample t-tests. We also used a one-sample t-test to compare the values of NRI or NTI, as well as 0 (the value of total randomness).



To ensure that the environmental factors and experimental treatments had an effect on community taxonomic and phylogenetic structure across the altitudinal gradient, we used the mantel test in the ape package to assess the relationship between standard Euclidean distances of environmental factors and phylogenetic dissimilarity in each quadrant [20].



The effects of management treatments, duration time of enclosure, soil C:N ratio, GST and GSP on SR and phylogenetic α-diversity indices were analyzed using generalized linear mixed-effects models (GLMMs) with generalized response variables being normal or abnormal. Altitude was included as a random effect. The GLMM of the response variables was modeled using a Gaussian error distribution with the lme4 package [58]. Using the following model, X represents a response variable:



X∼management treatment + duration time + soil C:N + GST + GSP + (1∕altitude)



The glmm.hp package was used to estimate the individual fixed effects of the response variables [59]. If the individual fixed effect of factors was negative, we would eliminate the factors and recalculate the equation without the factors.



Finally, to reveal the mechanism of community assembly within and outside the fence at the same altitude, we measured phylogenetic β-diversity metrics (β-nearest taxon index: βNTI, β-net relatedness index: βNRI, and Bray-Curtis-based Raup-Crick index: RCbray) based on the null-model using the iCAMP package and NST package [26,60]. The meaning of each phylogenetic β-diversity index and its threshold are shown below: if the |βNTI| or |βNRI| > 2, the deterministic processes govern community composition and phylogenies are more similar (homogeneous selection, βNTI or βNRI < −2), or phylogenies are not similar (heterogeneous selection, βNTI or βRTI > +2). Subsequently, with an |βNTI| or |βNRI| < 2 (stochastic pattern), RCbray was used to further distinguish between homogenized dispersal (taxonomically more similar, RCbray values < −0.95) and dispersal limitation (taxonomically less similar, RCbray values > 0.95). In contrast, with |βNTI| or |βNRI| < 2, and |RCbray|< 0.95, the community assembly was treated as an “undominated” pattern, i.e., no single process drove changes in community composition [61]. We also compared the values of βNRI or βNTI with a one-sample t-test, as well as 0 (a completely random value).



SPSS25.0 (SPSS Inc., Chicago, IL, USA) and R 4.1.3 were applied for statistical analysis. Graphpad 7.0 (San Diego, CA, USA) and the online site (https://www.chiplot.online/, accessed on 26 September 2022) was used for drawing figures.





3. Results


3.1. The Overview of the Community Structure


In total, we observed 75 species of vascular plants in our study sites, representing 46 genera from 27 families (Figure 1). Considering the most species-rich families represented, Asteraceae, with the highest number of 16.2%, was the most common family among the seven sites, followed by Poaceae with 9.5%, Cyperaceae with 9.5%, Gentianaceae with 8.1%, and Fabaceae with 5.4%, which together accounted for almost 50% of the total number of plants. In addition, plots at higher sites (>4600 m) were dominated by Kobresia and accounted for approximately 60% of the relative coverage, while those at lower altitudes (<4600 m) were mainly dominated by Stipa which accounted for about one-third of the relative coverage (Figure S3).




3.2. Patterns of SR and α-phylogenetic Indices


There was an approximate unimodal pattern of SR and PD along the altitudinal gradient no matter grazing or not. SR ranged from 7.75 ± 1.70 (at 4400 m in 2017) to 21.75 ± 1.44 (at 4800 m in 2017) within the fences, and from 11.00 ± 1.41 (4400 m in 2014) to 21.50 ± 1.32 (4800 m in 2011) outside the fences (Figure 2a,b). PD ranged from 763.43 ± 119.55 (4400 m in 2017) to 1736.77 ± 55.68 (4800 m in 2017) within the fences, and from 879.79 ± 100.30 (4400 m in 2014) to 1642.67 ± 117.88 (4800 m in 2011) outside the fences, resembled that of SR (Figure 2c,d). However, there was no consistent pattern in NRI and NTI along the gradient. NRI ranged from −0.76 ± 0.20 (4950 m in 2017) to 2.73 ± 0.27 (4650 m in 2017) within the fences, and from −0.91 ± 0.18 (4800 m in 2017) to 2.60 ± 0.54 (4500 m in 2011) outside the fences (Figure 3a,b). NTI ranged from −0.49 ± 0.32 (at 4800 m in 2017) to 2.89 ± 0.27 (at 4500 m in 2011) within the fences and from −0.23 ± 0.28 (4500 m in 2017) to 2.87 ± 0.27 (4500 m in 2011) outside the fences (Figure 3c,d).



There existed significant interannual variations for these indicators. For example, SR and PD in fenced plots at 4650 m sharply decreased in 2017 compared with 2011 and 2014. NRI in grazing plots at 4500 m decreased significantly in 2017. NTI at 4400 m, 4500 m, 4800 m and 4950 m tended to decrease during the restoration period.



During the investigation period, there was no significant difference in SR between inside and outside the fence at most altitudes, except a few cases (e.g., those at 4950 m and 5100 m in 2011, and 4800 m in 2017, SR inside the fence was higher than that outside) (Figure 4a–c). Similar to the findings of SR, no significant difference was found in PD between inside and outside the fence at most altitudes, except a few cases (e.g., those at 4650 m and 5100 m in 2011, and 4800 m in 2017, PD was higher inside than outside the fence) (Figure 4d–f). There was no significant difference in NRI and NTI between inside and outside the fence at most altitudes (Figure 5).



In summary, SR and PD were relatively higher at higher altitudes (4800~5100 m). Based on the data of NRI, the pattern of the phylogenetic structure was divergent or random at higher altitudes (4800~5100 m) (NRI ≤ 0). At lower altitudes (4400~4650 m) and the highest altitude (5200 m), the pattern of the phylogenetic structure was relatively clustered (NRI > 0). And for NTI, the aggregation structure of closely related species was common (NTI > 0) along the altitudinal gradient.




3.3. The Relative Impacts of Grazing Management, Duration of Enclosure and Environmental Factors on SR and α-phylogenetic Indices


Mantel test found that both taxonomic and phylogenetic signals of alpine grassland community along the gradient reflected a significant correlation with environmental factors (Figure S4), indicating that taxonomic and phylogenetic parameters can indicate the impact of environmental factors on community structure.



According to the established generalized linear model, for the whole altitude gradient, the overall fixed factors impact by the model on SR change was 18.34%. The influence of variation of GSP on SR change was more than 13%, and other factors just explained less than 6.0% (Figure 6a). The overall fixed factors impact by the model on the change of PD was 30.12%, and the influence of variation of GSP on PD change occupied more than half of the total explanations of the model. The second large influential impact was the duration of enclosure and soil C:N ratio which could explain 8.64% and 2.96%, respectively (Figure 6b). The overall fixed factors impact by the model on the change of NRI was 12.86%, and the variance explanations of three influential factors (duration of enclosure, variation of GSP and soil C:N ratio) were 5.33%, 5.10% and 1.66%, respectively (Figure 6c). The fixed factors impact by the model on the change of NTI was 24.40%, and variation of GSP, soil C:N ratio and duration of enclosure had a large impact on the change of NTI, with the variance explanations of 18.96%, 3.81% and 1.63%, respectively (Figure 6d).




3.4. Patterns of β-phylogenetic Indices between Enclosure and Grazing Plots


In order to estimate the assembly process of plant assemblages in the alpine grassland on the QTP, we calculated the β-phylogenetic indices between the fenced and grazing plots. We found that there were differences in βNRI between 4500 m and other altitudes in 2011 and 2014. The βNRI values of 4500 m in 2011 and 2014 were less than −2, and those of the other plots were between −2~2. Compared with 0 (ecological drift), the values at other altitudes were significantly different from 0 in most cases except that at 5100 m in 2017 (Figure 7a). The βNTI at most sites ranged between −2 and +2 (Figure 7b). Compared with 0 (ecological drift), the frequency of insignificant difference of βNTI was higher at high altitudes. RCbray was negative at all altitudes, and was less than −0.95 from 4650 m to 5100 m in most years (Figure 7c). In addition, the β-phylogenetic indices showed significant inter-annual differences, e.g., βNRI at 4400 m, 4500 m, 4950 m and 5100 m, βNTI from 4650 m to 4950 m, and RCbray at 4800 m (Figure 7).





4. Discussion


Biodiversity plays a key role in maintaining and enhancing ecosystem structure, function and stability [62,63]. Therefore, biodiversity has long been the research hotspot in ecology and evolution. However, most studies concentrated on taxonomic diversity, which would lose some dimensions of biodiversity [64], and taxonomic always introduces polyphyletic groups that lead to frequent failure of taxonomic groupings to map onto ecologically relevant issues [56]. In contrast, phylogenetic diversity combines information from taxonomy and species’ evolutionary history, and therefore better represents ecological variation in functional traits and greatly expands the depth of biodiversity research [13,65,66]. In this study, SR was used to characterize the taxonomic diversity of the community, and PD, NRI and NTI were used to characterize the phylogenetic diversity of the community. For the community phylogenetic structure, this study found that NTI was generally more aggregated than NRI. Some researchers believed that the calculation method of the phylogenetic index may explain this difference [61,67], since NRI represents the overall structural pattern of the entire phylogenetic tree, while NTI focuses more on the top of the branches [1]. Therefore, NTI shows a stronger display of a uniform dispersion signal, for the similarity of the close relatives is much smaller than other species from the whole phylogenetic tree in the community. This is exactly supported by the current study. It is suggested that the ecological niche evolution has been relatively conservative and the relatively close species are generally more adapted to similar environments, although rapid uplift processes and repeated ice ages on the QTP have shaped a relatively high species diversity in this region, ultimately leading to aggregation of NTI.



Enclosures are the most common management tool for grassland restoration, and many experiments have shown that enclosures can improve grassland productivity and promote the restoration of species richness [68,69,70]. In general, large-scale environmental factors (i.e., climate factors of temperature or precipitation) select species from the regional species pool [71], while small-scale environmental factors (i.e., species interaction grazing/enclosure) generate further filtering [72]. In our study, we found that different pasture management had no significant effect on species richness, phylogenetic diversity, and phylogenetic structure across the altitudinal gradient (Figure 6). However, in certain altitudes, there is a controversy of different patterns of SR and NRI/NTI between enclosure and grazing treatment to some degree. Calculation formulas of NRI and NTI need to weigh the relative coverage of each species, while SR and PD do not need to do that, and so highlight rare species [73,74]. After a 11-year restoration, the species interactions might also exert an impact on NRI/NTI differences inside fences. And the high intensity of competition (e.g., light, water and nutrient competition) between dominant species and auxiliary species in the fence may lead to the consequence of NRI/NTI differentiation between outside and inside the fence, which is consistent with the results of enclosure shrub invasion plots in temperate grasslands in northern China [42]. In addition, we found that in 2017, compared to the other two years of the investigation, there was a significant decrease in the degree of aggregation of the phylogenetic structure outside the fence at low altitudes close to the settlement (Figure 3), which may be related to the strengthening of local environmental protection and the reduction of grazing pressure. As for the large difference in SR between inside and outside the high-altitude fences, it may be affected by grazing. And there are more rare species in the fence, which may lead to the differences at higher altitudes in some years. At low altitudes, due to long-term high-intensity grazing, the phenomenon of lack of rare species may be caused by the local seed bank. Even if the coverage of species inside and outside the fence is different, there is little difference in species richness. In brief, compared with SR and PD, NRI and NTI can reflect the impact of grazing on community structure, i.e., the impact of grazing interference at lower altitudes is greater than at higher altitudes.



Strong environmental gradients are powerful ways to study natural selection, especially in alpine ecosystems where environmental filtering is often recognized to be the only main driver of community assembly [75]. In this study, we found that the effect of precipitation on species richness, phylogenetic diversity and community phylogenetic structure were greater than that of temperature, consistent with our previous findings on aboveground biomass (unpublished data). Additionally, studies from alpine meadows in northern Tibet and wetland plants in the QTP concluded that plant species richness and phylogenetic diversity in arid and semi-arid areas of the QTP were mainly driven by precipitation [61,76]. However, Zhang found that temperature was the dominant environmental factor affecting the phylogenetic structure of alpine meadow communities compared to precipitation, and that the low temperature is the dominant force of natural selection [76]. Our study showed that in arid and semi-arid ecosystems of the QTP, although plants are exposed to low-temperature stress, precipitation is more likely a limited resource that may help maintain greater community coverage and species diversity. For the community phylogenetic structure in the middle and low altitudes ( ≤ 4650 m), relatively higher temperature and lower precipitation as the environmental filter caused a decrease in soil water availability, and the community was mainly composed of species like Stipa and Gramineae with relatively deep root systems as the co-dominant species, leading to an aggregated pattern of community phylogenetic structure. However, at middle and high altitudes (4800–5100 m) with more abundant precipitation and higher soil moisture availability, the species richness was also higher, and the interspecific competition effects might be relatively strong, leading to a relatively divergent community phylogenetic structure. In addition, the aggregation pattern of the community phylogenetic structure near the highest altitude of the grass line (5200 m), was more likely to be related to temperature, as cold temperature is often accompanied by more frequent meteorological extremes including frost and hail, especially at the upper edge of the grassland distribution [77]. Furthermore, only a small number of cold-tolerant species that can share similar environmental adaptation strategies were eventually selected by nature. Moreover, it has also been shown that the relative importance of environmental factors on phylogenetic structure increases as the species pool decreases [78], ultimately leading to the aggregation of community phylogenetic structure at lower and higher altitudes. In general, we found that the environmental filtering factors were not influential as proposed to affect species richness, phylogenetic diversity, and phylogenetic indices to a high degree, partly consistent with Qian who argued that shrubs and herbs are less sensitive to climate compared to trees and attributed this to their smaller sizes as they can be sheltered by micro-habitat effects [67]. However, the patterns of NRI and NTI along altitudinal gradient still suggested that the sometimes-questionable dogma-habitat filtering may lead to phylogenetic clustering, and that competitive exclusion will lead to phylogenetic overdispersion [55,79].



Most studies have shown that competitive exclusion dominates community assembly in climax communities in arid and semi-arid regions [80,81,82], while some researchers believe that the environmental filtering processes drive community assembly in degraded communities [83,84]. Meanwhile, more and more studies have pointed out that stochastic processes affect grassland community composition and structure [85,86,87,88]. However, studies on the changes in plant community phylogenetic structure of alpine grassland during the restoration period are still limited. Overall, the deterministic ecological processes affecting community assembly include heterogeneous and homogeneous selection, and the stochastic processes include homogeneous dispersal, dispersal limitation and ambiguous processes [14,20,22,26,60]. In this study, at most altitudes, the pattern of phylogenetic βNTI indicated that the community assembly was mainly determined by stochastic processes. Additionally, according to the values of RCbray andβNRI, the similarity of communities between inside and outside the fence is relatively low at lower altitudes (4400–4650 m), which infers that the stronger grazing pressure leads to differences in the community structure between inside and outside. This is especially true at 4500 m, where grazing pressure was the highest and homogeneous selection occurred in the fifth and eighth year after enclosure. At 4500 m, even after 8 years of enclosures, the environment still showed homogenization whether inside or outside the fences, and the effect of enclosure on community assembly remained insignificant. As homogenization is an important form of biotic impoverishment, it may lead to an increased risk of species extinction and reduce the resilience of the system to large-scale disturbances [89,90]. Until 10 years after enclosure, stochastic processes became dominant in determining the variability of community structure, which reveals that short-term restoration may not restore community structure to a normal state in areas of intense grazing, and the threshold of enclosure duration was similar to the result from an enclosure restoration experiment (13 years from unhealthy stage to health stage) of typical steppe in Northern China [91]. For the middle and high altitudes where grazing pressure was lower, the similarity of the communities between inside and outside the fence was very high, and homogenous dispersal occurred, indicating that the current grazing intensity exerts no significant impact on the community structure in this area. Overall, the results suggested that grassland management should be formulated rationally and depended on different situations. For instance, grazing intensity needs to be reduced at middle and low altitudes, especially at 4500 m which is closest to the settlement (Figure S1), and fencing management can be appropriately decreased at middle and high altitudes.



In most studies, the conserved hypothesis of ecological niche is the basis for inferring ecological processes [14,20,26]. However, we found that phylogenetic signals behaved well in remote relatives rather than in close relatives, albeit with a slight difference under the taxonomic view (Figure S4), which led to some uncertainties in the study. For example, the phylogenetic timing of most species at the genus level (Saussurea, Kobresia) and even at the family level may have contributed to this problem. In the future, we need improvements in technology to address the high resolution of the evolutionary history of species.



Although this study pointed out that the stochastic process dominated changes in the community structure of alpine grassland during restoration and identified the specific factors influencing the deterministic processes and the relative effects, the superimposed and antagonistic effects of environmental filtering and biological interactions may also contribute to the emergence of stochastic processes on community assembly [92]. This may depend on the relative importance of ecological niche differences and interspecific differences in competitiveness and/or mutualism [81]. Therefore, future studies need to separate the effects of environmental filtering and interspecific species relationships concisely [72] and refine the effects of deterministic processes on different scales on alpine grassland community assembly.




5. Conclusions


Recently, patterns, processes and mechanisms underlying diversity have raised a colossal interest in ecology. However, there is limited information about human activity regarding plant community assembly in alpine grassland ecosystems. This study attempted to provide insights into different grazing management on the diversity and the community assembly process of alpine grassland on the QTP. We found that the overall phylogenetic structure of the alpine grassland community was divergent at medium and high altitudes (4800–5100 m) where the environment was relatively unextreme. At the lower altitudes (4400–4650 m) with low precipitation, and the highest altitude (5200 m) with low temperature, the phylogenetic structure of the plant community was more aggregative. It seemed that the grassland management exerted little impacts on all the diversity and structure indices. Among the environmental factors, precipitation was the dominant factor affecting these indices. Stochastic processes have driven the changes in the communities between inside and outside the fences. In summary, the 11-year enclosure had little effect on alpine meadow community structure at higher altitudes. However, it could restore the community of steppe meadow at lower altitudes where the grazing pressure is high. For local grazing management, it should be better to relieve the burden of high grazing intensity by reducing the number of livestock below 4700 m, while keeping the current grazing intensity above 4700 m in this area.
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Figure 1. The phylogenetic distribution of all plants in this study. Different colored circles indicate species that occur at different altitudes, blank circles indicate absence, and solid circles indicate presence during the survey. The different colors of the branches correspond to different families in the legend. 
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Figure 2. Dynamic variations of effects of enclosure and grazing on (a,b) species richness (SR) and (c,d) Faith’s phylogenetic diversity along the altitudinal gradient. Asterisk denotes significant difference in SR or phylogenetic diversity among different years. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 3. Dynamic variations of effects of enclosure and grazing on (a,b) net relatedness index (NRI) and (c,d) nearest taxon index (NTI) along the altitudinal gradient. Blank and solid circles denote insignificant and significant differences from zero in NRI or NTI of each year based on one-sample t test, respectively. Asterisk denotes the significant differences in NRI among different years. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 4. Differences in (a–c) species richness and (d–f) Faith’s phylogenetic diversity between enclosure and grazing along the altitudinal gradient among different years. Solid circles are for enclosure, and blank circles are for grazing plots. Asterisk denotes the significant difference between enclosure and grazing. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 5. Differences in (a–c) net relatedness index (NRI) and (d–f) nearest taxon index (NTI) between enclosure and grazing along the altitudinal gradient among different years. Solid and blank circles are for enclosure and grazing plots, respectively. Asterisk denotes the significant difference between enclosure and grazing. Dashed and dotted line denote an NRI or NTI value of 2 and 0, respectively. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 6. Relative contributions of GST, GSP, soil C:N ratio, enclosure duration f (ED, year) and grassland management (GM, enclosure vs grazing) to the variation of (a) species richness (SR), (b) Faith’s phylogenetic diversity (PD), (c) net relatedness index (NRI), and (d) nearest taxon index (NTI). 
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Figure 7. Effects of different types of grazing management on (a) net relatedness index based on β-diversity (βNRI), (b) nearest taxon index based on β-diversity (βNTI) and (c) Raup–Crick-based measure (RCBray) along the altitudinal gradient among different years. Dashed lines represent the threshold value of each index. Different letters indicate the significant differences (p < 0.05) among different years. Asterisk denotes values that are significantly different from zero based on one-sample t test. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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