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 I 

Abstract 20 

It is widely known that soil microbes play an important role in biogeochemical cycling, 21 

affecting plant growth, and creating soil structure. Faced with the widespread global changes, 22 

unravelling the response of soil microbes is essential for understanding soil feedbacks to 23 

climate changes. Therefore, there is an increasing interest in studying soil microbial diversity 24 

patterns from local to global spatial scales and in investigating changes in soil microbial 25 

community diversity and community structure under global changes. However, how soil 26 

microbial communities would be altered by natural environmental changes and/or by human-27 

induced environmental changes are still not well understood at the regional scale. 28 

The Tibetan plateau is known as ‘the third pole’ because of its high elevation of over 4000 m 29 

above sea level. Ecosystems in the Tibetan plateau, dominated by alpine grasslands, are fragile 30 

and vulnerable to global changes. The increase rate of air temperature is up to three times the 31 

global average level. However, we still lack knowledge on responses of soil microbial 32 

community to climate gradient and human-induced environmental changes, e.g. climate 33 

warming and grazing. This thesis investigated changes in bacterial and fungal community 34 

diversity, composition, and co-occurrence along a hydrothermal gradient in the Tibetan plateau 35 

grasslands, and the interactive effects of climate changes (warming) and human activities 36 

(grazing) on soil microbial functional communities. Specifically, this thesis includes four 37 

experiments:  38 

Experiment 1 studied the changes in soil bacterial community along an environmental gradient 39 

in the Tibetan plateau. The hypothesis was that alpha diversity of soil bacterial community 40 

would increase with higher precipitation and air temperature. We therefore selected sampling 41 

sites distributed in main grassland types in the Tibetan plateau. Microbial DNA extracted from 42 

soil samples were subjected to the next-generation sequencing to characterize soil bacterial 43 



 II 

diversity and community. Meanwhile, information of environmental factors was also collected 44 

to clarify the driving forces of changes in soil bacterial communities. These factors included 45 

mean manual precipitation (MAP), mean manual temperature (MAT), soil moisture (SM), 46 

elevation, soil total organic carbon (SOC), total nitrogen (TN), soil carbon: nitrogen ratio (C/N), 47 

available phosphorus (AP), soil pH, plant richness, plant aboveground biomass (plant 48 

BiomassA), plant belowground biomass (plant BiomassB), NH4+-N, NO3--N, dissolved organic 49 

carbon (DOC), soil dissolved organic nitrogen (DON), soil microbial biomass carbon (MBC) 50 

and nitrogen (MBN). We used statistical methods including simple correlation, multivariable 51 

analysis and structural equation modelling (SEM) to elucidate spatial pattern and the relative 52 

importance of biotic and abiotic factors in structuring soil bacterial communities.  In the SEM, 53 

climate factors were expected to affect soil microbial communities through their influences on 54 

plant and soil properties. 55 

Main findings included: in terms of overall bacterial diversity, the swamp meadow with better 56 

water conditions had significantly higher diversity than other habitat types, while the alpine 57 

desert had the lowest diversity. The overall alpha diversity was significantly correlated with 58 

factors that can indicate soil nutrient status including total soil organic carbon, total nitrogen, 59 

plant aboveground biomass, nitrate nitrogen (N) and other factors. The effect of environmental 60 

factors on the overall bacterial community structure variation was greater than that of spatial 61 

factors. The effects of mean annual precipitation (MAP) on soil bacterial alpha diversity were 62 

mostly indirect through affecting soil dissolved organic carbon (DOC) and plant richness based 63 

on the SEM. Among the environmental factors, the most influential factor for the differences 64 

of bacterial community structure was MAP. Unlike the effects on bacterial alpha diversity, 65 

MAP had a strong direct effect on soil bacterial community structure. Other factors such as soil 66 

DOC and soil pH affected soil bacterial community structure directly without through 67 
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mediating intermediate variables. By contrast, mean annual temperature (MAT) was not 68 

significantly related to soil bacterial diversity or community composition. 69 

Experiment 2 studied soil fungal community of the same soil samples as described in 70 

Experiment 1. We hypothesized that there would be a close association between soil fungal 71 

community diversity/composition and plant community diversity or composition. The main 72 

findings were: Ascomycetes were the most abundant phylum in all samples (84.56%), followed 73 

by Basidiomycetes and the Zygomycota. Significantly positive correlation between the relative 74 

abundance of Ascomycota and precipitation was found, while the relative abundance of 75 

Glomeromycota was not significantly correlated with precipitation. Based on the best-fitting 76 

regression model, the most important predictors of fungal species richness were pH and plant 77 

species richness. MAP also had substantial effects on soil fungal richness, mostly through its 78 

effects on soil pH and plant richness. Environmental factors and geographic distance can 79 

independently explain partial changes of fungal community structure with a higher effect by 80 

environmental factors. Compared to strong direct effects of soil pH, MAP affected soil fungal 81 

community composition by altering soil pH and plant community structure based on structural 82 

equation modeling (SEM). 83 

Experiment 3 studied the microbial co-occurrence network along the transect as described in 84 

Experiment 1 and 2 by integrating soil bacterial and fungal community data. In this study, 85 

Spearman correlation-based network was constructed, and a set of network topological 86 

properties were calculated. In addition, the impact factors of network properties were also 87 

investigated.  88 

The main findings were: The microbial network size of alpine meadows was greater than that 89 

of the alpine steppes. However, the modularity of alpine steppe was higher compared to alpine 90 

meadow. In addition, networks of alpine steppe had a larger average path length. Based on 91 

these differences in network topological features, soil microbial communities of alpine steppe 92 
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were considered more stable under environmental interferences. Fungal networks were found 93 

to have larger modularity, but smaller inter-nodes connectivity compared with bacterial 94 

networks. Although betweenness centrality of bacterial nodes was higher in the alpine 95 

meadows, degree centrality was higher in the alpine steppes. The regional meta-network 96 

(integrating bacterial and fungal taxa) structure was mostly related to MAP. However, the 97 

network topological features of alpine meadows and alpine steppe were driven by different 98 

factors. MAP and soil moisture were the significant impact factors for alpine steppe network 99 

but not for alpine meadow. The network of alpine meadows was strongly associated with plant 100 

factors including biomass and diversity. Besides, fungal networks were not associated with 101 

plant community factors, but related to climate factors and soil properties, suggesting that 102 

drivers of soil fungal network were different from that of fungal community diversity and 103 

structure. 104 

In Experiment 4, we investigated the effects of warming, grazing and their interaction in a 105 

factorial warming (+1.2-1.7 oC) and grazing (moderate intensity with ca. 50% vegetation 106 

consumption) experiment in a Tibetan alpine meadow on soil microbial communities by 107 

studying functional genes involved in soil carbon and nitrogen cycles. We hypothesize that 108 

warming would interact antagonistically with grazing to affect soil microbial functional 109 

communities. In this study, soil microbial communities were analysed by Geochip and 110 

environmental parameters including temperature, soil properties and plant communities were 111 

also collected.  112 

The main findings include: microbial functional gene structure and abundances were largely 113 

affected by the interactive effect of grazing and warming, rather than the main effect of 114 

warming or grazing. Compared to the control, grazing alone significantly increased the 115 

functional gene alpha diversity, changed the overall functional community structure, and 116 

increased the abundances of C fixation, C degradation, N mineralization and denitrification 117 
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genes, likely due to the stimulating impact of urine and dung deposition. Warming alone did 118 

not change these microbial properties, possibly related to the unchanged soil nutrient status. 119 

Despite an increase in soil NO3- concentrations and the deposition of urine and dung, the 120 

combined warming and grazing treatment did not change functional gene alpha diversity, 121 

community structure, or C/N cycling gene abundances. Our study revealed antagonistic 122 

interactions between warming and grazing on microbial functional gene structure and 123 

abundances, which remained stable under moderate intensity of grazing in a future warming 124 

scenario in the Tibetan alpine meadow. 125 

In sum, this thesis indicated that diversity, composition, and inter-taxa association of soil 126 

microbial communities are sensitive to environmental changes in the Tibetan plateau grassland. 127 

Climate changes and human activities affected soil microbial communities through direct and 128 

indirect pathways. More importantly, the evaluation of microbial-mediated processes in the 129 

Tibetan Plateau grasslands should take interactions between climate changes and 130 

anthropogenic activities into account. 131 
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Chapter 1 Introduction 505 

1.1 Background 506 

Community ecology studies the relationship between communities (a set of interacting species 507 

in particular areas) with their abiotic and biotic environment (Molles, 2015). Specifically, 508 

community ecology focuses on inter-taxa interactions, spatial and temporal dynamics of 509 

community structure, assembly mechanisms and ecosystem functions. Elucidating diversity 510 

and community structure's patterns and driving forces is also an important goal in microbial 511 

ecology studies.  512 

Increasing evidence showed that the diversity of soil microbes displays non-random 513 

biogeographical patterns (e.g. species-area, distance-decay relationships) at different scales, 514 

and climate changes or human factors can impose significant effects on soil microbes. However, 515 

the mechanisms and driving forces of diversity and community structure changes are far from 516 

conclusive (Nemergut et al., 2013). Traditionally, ecologists study the mechanisms behind 517 

community diversity and structure from the niche perspectives, focusing on the differences in 518 

species traits, species interactions and environmental conditions (Zhou & Ning, 2017). For 519 

example, it is widely known that moisture and energy play essential roles in plant and animal 520 

physiological and ecological characteristics (Sanders & Rahbek, 2012). Due to differences in 521 

solar radiation and atmospheric migration, changes of climate elements (i.e. energy and 522 

moisture) with altitude and latitude cause diversity patterns to shift predictably (Gillman et al., 523 

2015). For example, the alpha diversity of most plants and animals is much higher in the tropic 524 

area and decreases with latitude, in which energy and moisture are the determinant factors of 525 

the pattern  (Molles, 2015). Recent studies showed that moisture and energy can also strongly 526 

affect microbial community structure. For example, in the global dryland, covering about 41% 527 
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of terrestrial ecosystem, bacterial and fungal diversity decreased with drought, but did not 528 

significantly respond to soil pH which was the most influential factor for soil microbial 529 

diversity in many studies (Maestre et al., 2015).  530 

Similarly, at the continental scale, air temperature can explain a larger variation of diversity of 531 

soil bacteria, fungi and diazotrophs across North America (Zhou et al., 2016). Apart from the 532 

direct influences, variations in energy and moisture may also affect soil microbial diversity 533 

through mediating plant community structure (Walker et al., 2006), plant productivity (Natali 534 

et al., 2012), soil carbon/nitrogen pool (Zhou et al., 2013) and soil microenvironment 535 

associated variation (Fierer & Jackson, 2006). However, we are still lacking an understanding 536 

of the mechanisms of soil microbial communities responding to changes in energy and moisture 537 

and whether there are consistent responses between plants and soil microbes (Meyer et al., 538 

2018).  539 

Although deterministic perspectives have enriched our understanding of mechanisms of 540 

diversity patterns, a growing number of studies found that stochastic processes (e.g. drift and 541 

speciation) also play an essential role in shaping diversity pattern (Zhou & Ning, 2017). 542 

Therefore, the research questions saw a shift to the relative importance of stochastic and 543 

deterministic processes, which are still debatable. 544 

Terrestrial ecosystems have experienced significant climate warming and will continue to 545 

endure air temperature rising. According to IPCC (Intergovernmental Panel on Climate 546 

Change), global mean air temperature had increased by 0.85 °C from 1850 to 2012 and is 547 

predicted to increase by at least 2 °C by the end of this century (2081–2100) compared to the 548 

period of 1850–1900 (IPCC, 2013). By using controlled field experiment, studies indicated that 549 

shifts in temperature and moisture associated with climate changes had significant impacts on 550 

soil microbial diversity and community structure (Zhou et al., 2011; Zhang et al., 2016). 551 

Changes in warming and precipitation can directly (soil microenvironment) and indirectly 552 
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influence (plant diversity, litter quality and litter quantity) soil microbial community which 553 

could in turn mediate soil feedback to climate change (Bardgett et al., 2008; Classen et al., 554 

2015).  555 

Grassland ecosystems, accounting for over 40% of the terrestrial surface, are faced with 556 

remarkable sustainability challenges, including those induced by livestock grazing and climate 557 

warming (Lu et al., 2013; Zhou et al., 2017). Livestock grazing is a dominant land use activity 558 

for some grassland ecosystems (Chen et al., 2013), and important for ecosystem services, e.g. 559 

biodiversity conservation and primary production (McSherry & Ritchie, 2013; Yan et al., 2013). 560 

Grazing has substantial influences on grassland ecosystems as it inevitably involves deposition 561 

of urine and dung, generally decreases soil porosity through trampling, and typically changes 562 

litter quality and root exudates via defoliation, thereby leading to changes in soil microbial 563 

communities (Patra et al., 2006; Zhong et al., 2018). 564 

The Tibetan plateau is regarded as the third pole because of its high altitude with an average of 565 

4000 m, covering 250×105 km2 (Yao et al., 2012). On the Tibetan plateau, the low temperature 566 

leads to slow decomposition of soil organic carbon, and thus there is a large soil carbon storage 567 

in the Tibetan plateau (Ding et al., 2016). Since the 1950s, the increase rate of atmospheric 568 

temperature ranged from 0.16 to 0.67 oC, which was significantly higher than the global 569 

average level (Qiu, 2008; Kuang & Jiao, 2016). According to the climate model, air 570 

temperature was predicted to increase another 4oC (Kang et al., 2010). In contrast, although an 571 

increase of precipitation was detected in the majority of locations on the Tibetan plateau, 572 

precipitation amount was found to decrease in the western part (Xu et al., 2008; Kuang & Jiao, 573 

2016).  574 

Alpine grassland is most widespread ecosystem on the Tibetan plateau and grazing is the most 575 

common land use type for alpine grasslands (Li et al., 2013). Grazing is recognized as one of 576 

the main causes of grassland degradation (Harris, 2010). It was reported that climate changes 577 
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might not act independently with human activities to affect ecosystem properties and processes 578 

(Liu et al., 2014). That is, there might be significant interactions between climate changes and 579 

human activities on ecosystem processes. However, how climate change and human activities 580 

were combined to affect soil microbial communities were still poorly understood (Yergeau et 581 

al., 2012).  582 

This thesis aimed to elucidate the spatial patterns of soil microbes under natural environmental 583 

gradients at the regional scale, and the effects of climate warming combined with grazing on 584 

soil microbial functional diversity at the local scale using a controlled experiment in the Tibetan 585 

grasslands. Research findings would improve biodiversity protection practices, increase 586 

knowledge on maintenance mechanisms of ecosystem functions, and enrich theories of 587 

microbial ecology.  588 

  589 
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1.2 Literature review 590 

1.2.1 Microbial community assembly mechanisms 591 

Community is defined as a group of organisms consisting of multiple species occurring in a 592 

particular space and time (Vellend, 2010). Community ecology concentrates on patterns of 593 

species diversity, abundance, composition, and processes structuring these patterns.  594 

There is no general acceptance on the definition of microbial species. Unlike plants and animals, 595 

the principles of defining a species in these organisms cannot be easily applied to prokaryotic 596 

and some eukaryotic microbes because of asexual reproduction and recombination among 597 

distantly related individuals caused by horizontal gene transfer (Lozupone & Knight, 2008; 598 

Fraser et al., 2009). Thus, in studies of microbial diversity, molecular methods, especially 16S 599 

ribosomal RNA sequencing and genetic cluster ( two organisms with a > 97% sequence identity 600 

are typically delineated as a species), are widely used in defining a species (Fraser et al., 2009). 601 

However, 16s rRNA gene might be too conservative to delineate a taxa (Lozupone & Knight, 602 

2008). In addition, applying a fixed sequence cutoff to delineate a species can be problematic. 603 

For example, the phylogenetically distance between two different streptococcal species is even 604 

near to two randomly selected genotypes within the other streptococcal species (Fraser et al., 605 

2009). As mentioned above, it is not likely to draw a conclusion about the definition of species 606 

for microbes. Therefore, operational taxonomic unit (OTU refers to a group of microbes 607 

clustered by a certain quantity of gene identity on maker genes) or phylotype rather than species 608 

was used to refer to isolates with 16sRNA genetic identity that are ≥ 97%. In addition, despite 609 

of numerous flaws, 16s RNA genes have great merits such as sequence abundance in public 610 

databases, ubiquity in organism, low rate of mutation, sufficient length, frequency of horizontal 611 

transfer and stable function of gene product (Bertrand et al., 2015).  In recent years, next- 612 

generation sequencing technology is commonly used to target the 16sRNA gene and it can 613 

produce millions of sequences for an environmental sample in several hours.   614 



 6 

In describing the diversity of a community, alpha and beta diversity are widely used. Alpha 615 

diversity, found in a community, has two facets, i. e. species richness and evenness. Species 616 

richness is total number of phylotypes in a community. Because of the limitation of sampling 617 

efforts, it is difficult to acquire all the phylotypes in a community.  Thus, when comparing 618 

diversity between samples, the numbers of sequences are rarefied to equal quantity. Evenness, 619 

however, gives importance to the number of individuals in phylotypes. That is, a high evenness 620 

means the community tend to have equal individuals per phylotype. Alpha diversity includes 621 

Shannon- Wiener index, reciprocal of Simpson’s index, chao1 and ACE etc. These indices put 622 

stress on different aspects of diversity, i.e. richness and evenness.  Beta diversity, however, 623 

describes species turnover among communities.  It should be noted that these indices treat each 624 

phylotype equally. That is, the evolutionary differences among phylotypes are not considered.  625 

In traditional ecological studies, niche theory plays a very important role in explaining 626 

community assembly, and the basic assumption is that there are different ecological niches 627 

between different species and the species niche is determined by the traits of species (Levine 628 

& HilleRisLambers, 2009). Based on niche theory, the driving forces are mainly controlled by 629 

a deterministic process. The deterministic process includes all non-random, niche-related 630 

processes such as environmental filtering and interactions between various organisms 631 

(Mayfield & Levine, 2010). However, niche-based species coexistence mechanisms are 632 

experiencing challenges from neutral theory. Neutral theory assumes that species or individuals 633 

are ecological equivalence in competition, which is in great conflict with the assumptions of 634 

niche theory. Neutral theory suggests that stochastic processes play a major role in the 635 

development of biological aggregates, including random colonization, new species formation, 636 

extinction, and ecological drift (Rosindell et al., 2012). Although the hypothesis of neutral 637 

theory is very different from the observations of many experimental studies and therefore has 638 

induced many criticisms, neutral theory is much better in explaining biodiversity pattern in 639 
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many situations. In addition, neutral theory is also often used as null model (Zhou & Ning, 640 

2017). In fact, neutral theory and niche theory are not mutually exclusive, and it is possible that 641 

two work together to explain the coexistence mechanism of biodiversity (Dini-Andreote et al., 642 

2015).  643 

From the perspective of community ecology, the process of microbial community assembly 644 

and distribution includes: selection, dispersal, diversification and drift (Vellend, 2010; 645 

Nemergut et al., 2013). The selection processes, similar to niche theory, function through 646 

difference in fitness between organisms, which belong to deterministic effects, such as changes 647 

in abiotic factors, competition between species, and predation (HilleRisLambers et al., 2012). 648 

Since eukaryotes and prokaryotes are less than 2 mm in size, they are prone to passively 649 

disperse and are theoretically able to be cosmopolitan (Finlay, 2002; Davison et al., 2015). 650 

However, the hypothesis of "everything is everywhere, but the environment selects" still has 651 

not been directly verified by experiments (O'Malley, 2007). The existing research results show 652 

that only some microorganisms are globally distributed (Lynch & Neufeld, 2015; van der Gast, 653 

2015). Therefore, dispersal limits still have a significant impact on microbial distribution. Due 654 

to the short microbial generation cycle and lateral gene transfer, the rate of speciation is higher 655 

than that of higher organisms, and it is also an important factor affecting the construction and 656 

distribution of microbial communities (Nemergut et al., 2013). Drift refers to the random 657 

variation of relative abundance of organisms. In the study of higher organisms, it was found 658 

that the random effects were more obvious in communities with high diversity. Microbial 659 

diversity is much higher than that of higher plants, so random drift may play a more important 660 

role (Hanson et al., 2012; Nemergut et al., 2013). In these four primary processes, the 661 

environmental selection is deterministic; the drift is stochastic, and the dispersal process is a 662 

mixture of stochastic and deterministic processes because the dispersal process depends on the 663 
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characteristics of the organisms, the size of the population, and the environment of the diffusion 664 

destination (Zhou & Ning, 2017).  665 

Due to factors such as environmental selection and dispersal limitations, community may 666 

exhibit a distance-decay pattern, i.e the similarity of community structure decrease as the 667 

geographic distance increases. The distance-decay pattern has been confirmed in plants and 668 

animals (Green & Bohannan, 2006). In recent years, studies at various scales have found that 669 

microbes have similar patterns. In fact, the formation of distance-decay pattern is complex, 670 

with dispersal limitations, ecological drift, speciation and selection playing a role (Hanson et 671 

al., 2012). The driving factors of the distance-decay relationship are also often decomposed 672 

into environmental filtering and historical factors, and this relationship varies with spatial 673 

scales. At the continental scale, studies have found that community similarity of soil bacteria 674 

is not significantly related to geographic distance (Fierer & Jackson, 2006). At the 5,000 km 675 

scale in the Arctic, no significant correlation between soil bacterial communities and 676 

geographic distance was found (Chu et al., 2010). Ammonia-oxidizing bacteria in the 677 

sediments of salt marshes exhibit distance-decay relationship at local, regional and continental 678 

scales, but their driving forces are different. The patterns at first two scales were mainly driven 679 

by environmental factors, but environmental factors and dispersal constraints work together at 680 

the intercontinental scale (Martiny et al., 2011). At the UK national scale, the correlation 681 

between geographic distance and bacterial community similarity was only significantly at less 682 

than 1 km after removing the effects of environmental factors (Griffiths et al., 2011). The 683 

distance-decay of soil total fungal communities and fungal functional groups (such as 684 

ectomycorrhizal fungi) was found at global (Bahram et al., 2013; Tedersoo et al., 2014), region 685 

(Chen et al., 2017; Yang et al., 2017)and local scales (Bahram et al., 2013; Li et al., 2018), 686 

suggesting that spatial processes are not negligible factors in soil fungal community variation.  687 
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1.2.2 Diversity and composition patterns of soil microbial community along typical 688 

environmental gradients 689 

The predictable changes of plants and animals diversity have long been known and are well 690 

studied along latitude and altitude gradients (Smith et al., 2012). These gradients are typically 691 

associated with hydrothermal gradients. For example, plants and animals’ diversities decrease 692 

with the latitude (Willig et al., 2003). However, studies of soil microbial diversity are still 693 

lacking under these environmental gradients. 694 

1.2.2.1 Changes of soil bacterial diversity and composition along latitude and altitude 695 
gradient 696 

Studies at the global scale have shown that the relative abundance of most species in soil 697 

bacterial communities is very low. The most abundant (about 500) OTUs accounting for 2% 698 

of the total number of OTUs comprise half of the total number of sequences, and less than half 699 

of the dominant species are culturable microorganisms, most of which were classified as 700 

actinobacteria and proteobacteria (Delgado-Baquerizo et al., 2018).  701 

There is no consistent conclusion about the change of soil bacterial diversity along latitude 702 

gradient, and it is not a linear relationship under most circumstances. In a recent study featured 703 

with the largest number of soil samples and the widest distribution, it was found that, unlike 704 

plants and animals, the bacterial species diversity and functional diversity were highest in the 705 

mid-latitude and decreased toward the equator and the poles (Delgado-Baquerizo et al., 2018). 706 

However, a meta-analysis of high-throughput sequencing studies suggested that there was a 707 

similar pattern of bacterial diversity and plant diversity distribution in the southern hemisphere； 708 

that is, bacterial diversity increased with latitude, while in the northern hemisphere, bacterial 709 

diversity levels remained unchanged (Delgado-Baquerizo et al., 2018). Xia et al. (2016) found 710 

the relationship between the soil bacterial diversity and latitude was parabolic within 33.50°N-711 

40°N range in eastern China. However, there was a significantly negative correlation between 712 
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soil bacterial diversity and latitude in the range of 42°N-49°N in north-eastern China (Liu et 713 

al., 2014) . 714 

Although the spatial span is relatively small, the environmental factors along elevation gradient 715 

vary greatly, and aboveground vegetations regularly distribute zonally. Therefore, it is an 716 

important natural laboratory for studying responses of microbial diversity to the environment. 717 

However, no consistent patterns of bacterial diversity along elevation gradient were found 718 

(Hendershot et al., 2017). For example, there was no significant correlation between bacterial 719 

diversity and altitude in the Rocky Mountains and Changbai Mountain (Fierer et al., 2011; 720 

Shen et al., 2013), while a negative linear relationship was found in Andes (Nottingham et al., 721 

2018) and a unimodal relationship was found in Taibai Mountain and Fuji Mount (Singh et al., 722 

2012; Peng et al., 2018).  723 

1.2.2.2 Changes of soil fungal diversity and composition along latitude and altitude 724 
gradient 725 

As an important part of soil biota, soil fungal communities play an important role in the nutrient 726 

cycle. In particular, soil fungal communities can also form symbiotic and parasitic relationships 727 

with other organisms and affect community dynamics (Peay et al., 2008).  728 

 At the global scale, Tedersoo et al. (2014) collected 365 soil samples around the world and 729 

found that Basidiomycota (55.7%) and Ascomycota (31.3%) were the most abundant phyla; 730 

saprophytic (43.8%) and ectomycorrhizal  (23.2%) fungi were the dominant functional groups; 731 

but Ascomycetes (48.7%) and Basidiomycetes (41.8%) and chytrid (2.3%) had the highest 732 

species richness. Compared to plants, soil fungi changed similarly with the latitude, and the 733 

overall species richness increased from the pole to the equator. However, the species richness 734 

in different functional groups did not change consistently. Saprophytic fungi and parasitic fungi 735 

were higher at low latitudes, while ectomycorrhizal fungi were higher in mid-latitudes 736 

(Tedersoo et al., 2014). 737 
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As an important functional group of soil fungi, arbuscular mycorrhizal fungi (AMF) were 738 

estimated to have about 350-1000 species according to molecular biological studies. It was 739 

estimated that 80% of terrestrial plants can form AMF symbioses (Kivlin et al., 2011; Öpik et 740 

al., 2013). The α diversity of AMF was higher in grassland than in forests, while there was a 741 

higher β diversity in forests with similar γ diversity between these ecosystems (Oepik et al., 742 

2013). AMF is generally considered to have very limited dispersal capacity, but an analysis of 743 

1014 root samples around the world suggested that 93% of species occurred on more than one 744 

continent, and 34% of species existed on six continents. Similar to plant diversity distribution, 745 

AMF species diversity was found to decrease with increasing latitude (Davison et al., 2015). 746 

ectomycorrhizal (ECM) fungi, often forms symbioses with many woody plants of important 747 

economic and ecological significance, exchanging photosynthesis products and soil nutrients 748 

with plants. It was estimated that there were approximately 20,000-25,000 ectomycorrhizal 749 

fungi at the global scale. Unlike the distribution of plants, ECM fungi had the highest species 750 

diversity in temperate and boreal forests and exhibited a unimodal relationship with latitude 751 

(Tedersoo et al., 2012). 752 

The relationship between soil fungal diversity and altitude is complicated and often depends 753 

on the context of the sampling ecosystem. For example, In a 2,800 m alpine elevation gradient, 754 

fungal richness was higher under low temperature and humid habitat conditions, and the 755 

species richness and community structure of fungi were strongly correlated with climate and 756 

soil factors (Pellissier et al., 2014). On a 3.5 km tropical forest elevation gradient in the Andes, 757 

soil fungi and plant diversity decreased with increasing altitude (Nottingham et al., 2018). In 758 

Changbai Mountain of China, the α diversity of soil fungi was different from plant diversity. 759 

With the change of altitude, soil fungal alpha diversity was significantly correlated with soil 760 

pH but not related to altitude (Shen et al., 2014). However, in the Mila Mountains of the 761 

Qinghai-Tibet Plateau, the diversity of AMF had a significant relationship with the elevation: 762 
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the east slope had a linearly positive correlation, while the west slope line has a unimodal 763 

relationship (Liu et al., 2015). In the Sejila forest ecosystem of the Qinghai-Tibet Plateau, soil 764 

fungal species richness had U-shaped relation with elevation (Wang et al., 2015). 765 

1.2.3 Factors affecting soil microbial diversity and composition at large spatial scales 766 

In recent years, there have been many microbial biogeographical studies. It has been found that 767 

in addition to latitude, altitude, and corresponding climatic factors, other factors may have 768 

important or even decisive effects on soil microbial community structure and diversity. This 769 

section aims to summarize some of the most important findings from global to regional scale 770 

studies. 771 

1.2.3.1 Factors affecting soil bacterial diversity and composition at large spatial scales 772 

In addition to hydrothermal, bacterial community diversity and composition were strongly 773 

correlated with other environmental factors, and several independent studies at the global scale 774 

have shown that pH might be the most important abiotic factors driving bacterial diversity, 775 

composition and biomass changes (Fierer & Jackson, 2006; Bahram et al., 2018). Climatic 776 

factors such as annual precipitation (MAP),  and soil nutrient content were also important 777 

factors, but a lack of effects of spatial factors for structuring bacterial community structure 778 

indicated that deterministic factors were more important than historical factors (Delgado-779 

Baquerizo et al., 2016). 780 

There have also been some reports on study of microbes associated with a single flora/species 781 

or climatic division in terrestrial ecosystems. Studies on the diversity of fungi and bacteria in 782 

the soil of the global natural grassland ecosystem showed that there was no significant 783 

correlation between the α diversity of the bacteria and the plant α diversity, while the bacterial 784 

β diversity was significantly correlated with the β diversity of plants; the most relevant diversity 785 
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was total carbon content, MAP and soil, and the strongest correlation with bacterial beta 786 

diversity was soil C:N and pH (Prober et al., 2015). 787 

At the continental scale, using Terminal restriction fragment length polymorphism (T-RFLP), 788 

soil pH was found to be the most important predictor of soil bacterial species diversity, 789 

althrough temperature, latitude, etc. were often considered to be important predictors of flora 790 

(Fierer & Jackson, 2006). A study containing 88 soil samples distributed in North and South 791 

America found that soil pH was an important factor affecting overall bacterial species diversity, 792 

species diversity within the dominant phylum, relative abundance, and overall community 793 

structure of bacteria (Lauber et al., 2009). On the continental scale, the dominant 794 

photosynthetic bacteria in biological crusts on topsoil in North America were primarily 795 

temperature-driven (Garcia-Pichel et al., 2013). Similarly, the species diversity and 796 

phylogenetic diversity of bacteria, fungi and nitrogen-fixing bacteria in six forest soils in North 797 

America were mainly temperature-dependent, in line with the theory of ecological metabolism; 798 

the correlation between microbial diversity and pH was lower than with temperature, and the 799 

spatial turnover rate was also significantly lower than that of plants and animals (Zhou et al., 800 

2016). In the North America, soil organic matter was the most direct factor in explaining 801 

changes in microbial community structure, while plant productivity and soil minerals played 802 

an indirect role by affecting organic matter and microbial biomass (Waldrop et al., 2017). Tian 803 

et al. (2018) found that soil organic matter availability was the most important factor affecting 804 

the bacterial diversity ranging from tropical to cold temperate forests; climate factors were the 805 

most important factors affecting the β diversity of bacterial communities, and the functional 806 

properties of plants were also a factor that significantly affected beta diversity. Zhang et al. 807 

(2018) found that the bacterial α diversity in soybean non-rhizosphere soil, rhizosphere soil 808 

and root exogenous varied along the latitude, and β diversity was significantly correlated with 809 

different environmental factors; while in general, environment factors explained larger β 810 
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diversity variation than the spatial factors, and the effects of environmental factor were greater 811 

than the climatic factors. 812 

At the regional scale, there have been many studies on the biogeographical distribution of soil 813 

microbes in recent years, and the subjects of most studies have focused on the distribution of 814 

microorganisms along environmental gradients in individual flora. Using low-resolution 815 

analytical method (PLFA), soil organic carbon content (SOC) was found to be the most 816 

important factor affecting soil microbial biomass in the region, and soil structure and pH were 817 

the most important factors affecting the composition of soil microbial in arid and semi-arid 818 

grasslands in northern China (Hu et al., 2014). In Chinese temperate grasslands, soil bacterial 819 

community diversity and plant diversity had different distribution patterns. Alpha diversity 820 

increased first and then remained stable with the increase of aridity index, while plant diversity 821 

increased monotonously with the increase of aridity index and beta diversity was more affected 822 

by geographic distance than environmental factors (Wang et al., 2015; Tu et al., 2017). Under 823 

different habitat types, the differences in bacterial community structure were also related to 824 

geographical and environmental factors. For example, the similarity of bacterial community in 825 

alpine grassland had a strong correlation with geographical distance, but the pattern was mainly 826 

caused by the spatial autocorrelation of environmental factors; while the difference of bacterial 827 

community in desert soil was mainly caused by spatial factors rather than environmental factors 828 

(Wang et al., 2017). The analysis of 62 soil samples from the arid ecosystem in Northwest 829 

China found that the β diversity of bacteria was mainly affected by environmental factors; after 830 

controlling the environmental factors, the correlation between bacterial community and spatial 831 

factors was extremely low, while the fungal community and environment still had good 832 

correlation (Wang et al., 2017). In the alpine region of the Qinghai-Tibetan Plateau, soil fertility 833 

was the main driving factor for soil bacterial community differences in the surface active layer, 834 
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and mean annual precipitation and soil total phosphorus content were the main driving factors 835 

for soil bacterial community variation in the frozen soil layer (Chen et al., 2017). 836 

In the Qinghai-Tibet Plateau, the study found that in the dry and cold Ali area of 300000 km2, 837 

the difference in bacterial community between topsoil and subsurface soil was mainly driven 838 

by the total carbon and C/N ratio (Chu et al., 2016). In an elevation gradient of 4,328−5,228 m 839 

in Nyenchen Tanglha Mountain, the α diversity of soil bacteria decreased with elevation, and 840 

soil pH was the most important factor affecting diversity and community structure (Shen et al., 841 

2019). In the eastern part of the Tibetan Plateau, precipitation was the driving factor of 842 

functional gene diversity (Song et al., 2019). On the Qinghai-Tibet Plateau, a study with an 843 

altitude gradient with more than 1,000 km and a height difference of 2,000 m found that 844 

environmental factors rather than spatial factors were the main driving factors (Zhou et al., 845 

2017). Most previous studies have focused only on the effects of contemporary climatic 846 

conditions on soil bacterial diversity and community, while studies indicated that the current 847 

distribution of prokaryotic microbes on the Tibetan Plateau was more relevant to climatic 848 

conditions about 50 years ago (Ladau et al., 2018). 849 

1.2.3.2 Factors affecting soil fungi diversity and composition at large spatial scales  850 

As an important part of soil biota, soil fungal communities play an important role in the nutrient 851 

cycle. Soil fungal communities can also form symbiotic and parasitic relationships with other 852 

organisms and affect other organisms’ community dynamics (Peay et al., 2008). In addition to 853 

climatic factors such as hydrothermal (Tedersoo et al., 2014), existing studies have found 854 

spatial factors (Wu et al., 2013), soil factors (Hazard et al., 2013)and plant community 855 

characteristics (Pellissier et al., 2014) can affect the distribution of fungal diversity to varying 856 

degrees. Due to the evolutionary conservation of fungal functional traits, each phylum has a 857 

different evolutionary history, and ancient phyla tend to maintain initial environmental 858 

preferences, such as older, younger gates prefer to be distributed in low-latitude, humid and 859 
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warm environments (Treseder et al., 2014). The fungal community has different driving factors 860 

at different scales. With the improvement of the database, more and more studies use 861 

phylogenetic classification information of fungi to classify functional groups. Because of 862 

differences of living strategies within different functional groups, driving factors for their 863 

species diversity and community structure were also different. Therefore, the influence factors 864 

of fungal distribution often depend on background information, which varies with spatial scale 865 

and functional group (Alzarhani et al., 2019).  866 

At the global scale, soil fungal species diversity was significantly associated with plant 867 

diversity (Tedersoo et al., 2014). Similarly, such patterns were also found in pathogenic fungi 868 

and arbuscular mycorrhizal fungi, but plant species diversity can independently account for 869 

changes in the diversity of some ectomycorrhizal fungi (Tedersoo et al., 2014). Climatic factors 870 

affect the diversity of soil fungal communities by directly and indirectly affecting plants and 871 

soils. Climate factors (mainly annual precipitation) were the most important predictor of fungal 872 

species diversity and community structure, while soil factors (pH and calcium content) and 873 

spatial factors were also important impact factors; it is worth noting that the major factors 874 

controlled by the changes in species richness of different functional groups were different; in 875 

addition, there was still a large part of the richness variation which cannot be explained by 876 

existing abiotic and biotic factors(Tedersoo et al., 2014). From the perspective of community 877 

structure differences, climate, soil and plant properties were the important factors affecting the 878 

overall soil fungal community and most of the functional group structure, but the strongest 879 

factor explaining the changes in the community structure of saprophytic fungi was the spatial 880 

factor; however, at the species level, the explained variation of fungal community by biotic and 881 

abiotic factors was still very low(Pellissier et al., 2014; Bahram et al., 2018). In the global 882 

grassland ecosystem, there was no significant correlation between the α diversity of plants and 883 
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the α diversity of soil fungi, and the β diversity of plants was significantly correlated with the 884 

β diversity of soil fungi (Prober et al., 2015).  885 

On the global scale, for important functional groups of soil fungi – arbuscular mycorrhizal 886 

fungi (AMF), historical factors and environmental factors were important factors in explaining 887 

changes in AMF communities (Öpik et al., 2013). Environmental variables have a slightly 888 

higher ability to explain AMF species diversity than spatial distances, while environmental 889 

variables and spatial factors had similar explanatory powers for AMF community structure 890 

(Davison et al., 2015; Bahram et al., 2018). Another meta-analysis of the literature also found 891 

that geographical distance, environmental variables (temperature and moisture of soil) and 892 

plant community types were significantly correlated with AMF community structure, but each 893 

of them could only explain a small variation in fungal structure (Kivlin et al., 2011). At the 894 

global scale, temperature and precipitation were the most important predictors of species 895 

diversity in Ectomycorrhizal fungi (ECM), and the number of plant families was the most 896 

important predictor of fungal community composition (Tedersoo et al., 2012). A study of root 897 

ECM fungi samples from 22 alder species from 96 sites around the world showed that the 898 

evolutionary linkages and geographic associations of host plants could explain 43% and 10% 899 

of ECM community changes respectively, while there was a significant correlation between 900 

species richness and soil calcium concentration (Polme et al., 2013).  901 

At the continental, regional and local scales, most studies have focused on the linkages between 902 

plant community diversity and soil mycelial diversity. Delgado-Baquerizo et al. (2018) found 903 

that for a >1000km forest ecosystem in Australia and 180 different temperate grassland 904 

ecosystems in England, functional traits (specific leaf area, leaf nitrogen and nitrogen-fixing 905 

plants) explained individual part of the variation in fungal community variation (Delgado-906 

Baquerizo et al., 2018). In the arid and semi-arid grassland of northern China, the species 907 

richness of soil fungal community was significantly positively correlated with plant species 908 
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richness and annual precipitation; the most important predictor of the difference in fungal 909 

community structure was plant community composition, which is followed by geographic 910 

distances and abiotic factors (Delgado-Baquerizo et al., 2018; Wang et al., 2018); the most 911 

important factors affecting the alpha diversity of AMF was soil pH, while the correlation 912 

between beta diversity of AMF and soil factors was very low, and there was a strong correlation 913 

between plant community composition and AMF community structure (Xu et al., 2016). In a 914 

transect with 3700 km forest ecosystems in the eastern part of China, fungal diversity and 915 

structure were mainly controlled by soil soluble organic carbon and free aluminium ions (Ma 916 

et al., 2017). 917 

It is worth noting that due to the selection effect, the fungal composition in the rhizosphere and 918 

non-rhizosphere fungal communities was different (Mendes et al., 2014). Therefore, the 919 

mechanism of community assembly on large scales often varies, featured by differences in the 920 

relative importance of deterministic factors and of stochastic processes, as revealed in the study 921 

of food crops in agro-ecosystems. For example, the fungal community in rhizosphere of 922 

soybeans was more affected by the deterministic process than the stochastic process (Zhang et 923 

al., 2018). The fungal community of wheat rhizosphere was mainly affected by stochastic 924 

processes, while non-rhizosphere fungal communities were affected by both random and non-925 

random processes (Zhang et al., 2017). At the local scale, the relationship between soil fungal 926 

colonies and plant community diversity has also been studied. In shrub meadows in central 927 

Europe, plant species richness was significantly positively correlated with fungal species 928 

richness on shoots at 1 km2 scale, but not significantly correlated with soil and rhizosphere 929 

fungal species richness (Navrátilová et al., 2018). Like many other studies, the composition of 930 

fungal communities in rhizosphere and non-rhizosphere soils was different on the 100 m2 scale 931 

of  Xilin Gol grassland of Inner Mongolia; perennial rhizomatous grass biomass, soil carbon 932 

content and soil C/P were important factors for soil and rhizosphere fungal communities; fungal 933 
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community in non-rhizosphere soils were significantly correlated with spatial distance, while 934 

rhizosphere soil community differences were not significantly correlated with spatial distance 935 

(Li et al., 2018). 936 

On the alpine grassland of the Tibetan Plateau, when the effects of environmental variables and 937 

geographical distances were controlled, and the α and β diversity of soil fungi were still 938 

significantly correlated with plant α and β diversity (Yang et al., 2017). Under a precipitation 939 

gradient on the Tibetan Plateau, the species richness of dominant AMF communities in the 940 

rhizosphere was mainly affected by precipitation which indirectly affected the species richness 941 

of AMF by affecting plant coverage, pH and soil nitrogen content (Zhang et al., 2016). 942 

1.2.4 Impacts of climate change on soil microbial community diversity and composition 943 

Climate warming can affect microbial community characteristics through direct and indirect 944 

pathways. Temperature increase and water reduction are the direct effects of climate warming. 945 

It was estimated that the current experimental temperature increase can increase the soil surface 946 

temperature by 1.62 oC, and decrease soil average moisture content by 7.78% across all 947 

ecosystems and by 8.50% in the grassland ecosystem (Xu et al., 2013). Elevated temperatures 948 

also indirectly affect underground microbial communities by affecting plant production 949 

(Classen et al., 2015). Increased temperature can increase photosynthesis, which affects the 950 

allocation of photosynthetic products to belowground and causes the competition between 951 

plants and microorganisms. In addition, the responses of different plant functional communities 952 

to warming can be also different, and thus the increase of temperature may affect the plant 953 

community, diversity and composition (Lin et al., 2010). Changes in plant communities may 954 

cause changes in the quantity and quality of litter, which in turn affect the biomass, diversity, 955 

structure and function of soil microbial communities. There has been already a lot of evidence 956 

that the diversity and composition of microbial communities can regulate the response of 957 

ecosystem processes to climate change. Because of differences in physiological characteristics, 958 



 20 

growth rates and temperature sensitivity, microbial responses to temperature can also be 959 

different. The complexity of the response of different microbes to temperature makes 960 

predictions of changes of microbial structure and function more challenging (Bardgett et al., 961 

2008). 962 

The increase in temperature can significantly affect the biomass, community structure and 963 

diversity of soil microbes. In the past, most studies focused on changes in soil microbial 964 

biomass. The increase in temperature affected the available carbon and nitrogen sources and 965 

soil moisture content in the soil, which in turn affected soil microbial biomass. A meta-analysis 966 

found that warming can significantly increase microbial carbon and nitrogen, soil microbial 967 

carbon and nitrogen content increased by 3.61 ± 0.80% and 5.58 ± 0.90% respectively; the 968 

effect of temperature increase and warming duration on soil microbial biomass was nonlinear: 969 

short-term (1-2 years) and medium-term (3-4 years) warming had strong positive effects, while 970 

long-term effects of warming (≥5 years) was weak; high warming magnitude (>2 oC) warming 971 

and smaller (<1 oC) warming had opposite effects (Chen et al., 2015; Xu & Yuan, 2017). In 972 

addition, the meta-analysis also found that the effect of warming on microbial biomass was 973 

also affected by the type of ecosystem. In general, higher temperature increased microbial 974 

biomass (Xu & Yuan, 2017), while in the temperate grassland ecosystem, warming reduced 975 

microbial biomass (Xu & Yuan, 2017; Gao & Yan, 2019); in the alpine ecosystem, increased 976 

temperature significantly increased microbial carbon and microbial nitrogen to 14.3 and 20.1% 977 

respectively, and the effect of temperature was more pronounced in low-temperature 978 

ecosystems (Chen et al., 2015; Zhang et al., 2015). 979 

An increasing number of studies have found that temperature increases could significantly 980 

affect microbial community diversity, structure and potential function, and microbial 981 

community changes were significantly related to functional processes. For example, Xue et al. 982 

(2016) found that 1.5 year of increase in temperature significantly increased the abundance of 983 
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functional genes associated with aerobic and anaerobic carbon decomposition and nutrient 984 

cycling in Alaska's frozen soil, coupled with higher ecosystem respiration and total primary 985 

productivity. 3-year warming (0.5-2 oC increase) significantly increased the proportion of α-986 

Proteobacteria to Acidobacteria in Antarctic soils, a change that was significantly associated 987 

with soil respiration (Yergeau et al., 2012). Short-term warming also had a significant impact 988 

on soil microbial community structure in other cold ecosystems. Short-term warming 989 

significantly increased the relative abundance of actinomycetes and α-proteobacteria in alpine 990 

meadows of the Qinghai-Tibet Plateau, but had no significant effect on the overall diversity of 991 

bacterial communities after two years of warming (Xiong et al., 2014). Warming led to an 992 

increase in actinomycetes in Arctic soils and a decrease in Proteobacteria and Bacillus 993 

(Deslippe et al., 2012). Changes in microbial communities are often associated with changes 994 

of processes they participate in. For example, under increased temperature conditions, labile 995 

carbon decomposition related genes increased, while recalcitrant carbon decomposition related 996 

functional genes remained stable, which was an important mechanism for the stability of soil 997 

carbon pools in the North American prairie under warming conditions (Zhou et al., 2011). A 998 

five-year warming increased the soil temperature by 1.1 oC, and warming treatment also 999 

increased the abundance of genes related to recalcitrant carbon, causing a decrease of soil 1000 

organic matter content by 13%; the changed soil microbial community composition was closely 1001 

related to plant community composition (Zhang et al., 2017). Different from the positive 1002 

feedback of soil carbon pool in the temperate grassland, increased temperature reduced the 1003 

relative abundance of functional genes related to soil recalcitrant carbon in the alpine meadow 1004 

of the Qinghai-Tibet Plateau, and therefore tended to reduce the risk of soil carbon pool 1005 

reduction (Yue et al., 2015). Similarly, warming also increased the relative abundance of 1006 

functional genes associated with recalcitrant carbon decomposition in subsurface soils of North 1007 

American prairie (Cheng et al., 2017). Compared to the study of microbial functional groups 1008 
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related to carbon cycle, there were fewer studies related to nitrogen cycle microbes under 1009 

warming conditions. In the United States, in a C3 plants dominated grassland with annual 1010 

precipitation of 338 mm, the temperature significantly reduced nitrogen cycle function of 1011 

microorganisms; the mechanism was that the increased temperature reduced the soil moisture 1012 

content, thereby inhibiting the growth of soil microbes (Yu et al., 2018). However, in a soybean 1013 

farmland, the increase in temperature significantly increased the abundance of soil denitrifying 1014 

microbial functional groups (nirS and nirK) associated with N2O emissions, thus causing a 1015 

positive feedback to climate change (Qu et al., 2018). Hu et al. (2016) found that ammonia-1016 

oxidizing bacteria and archaea in dryland responded differently to temperature increase: the 9-1017 

month warming increased the abundance of AOA in the soil, but decreased the abundance of 1018 

AOB. The change of microbial community composition after the increase of temperature was 1019 

not constant. The temperature turnover rate of the community composition would increase after 1020 

the temperature increases. The possible reason was higher metabolic rate and more intensive 1021 

interspecific competition (Liang et al., 2015; Guo et al., 2018). In addition, under the 1022 

temperature-increasing treatment, the difference in community between soil communities 1023 

increased with the increase of warming time, but the deterministic process played a greater role 1024 

in the community construction under elevated temperature (Guo et al., 2018). In the subarctic 1025 

shrub ecosystem, significant changes of soil microbial community were only detected more 1026 

than ten years; the possible reason was that there was a close relationship between plants and 1027 

microorganisms, and the changes in microbes may lag behand changes in plant community 1028 

(Rinnan et al., 2007). It is inconvenient to carry out temperature-increasing experiments in the 1029 

forest, and there are few reports on the effects of warming on soil microbial communities in 1030 

forest ecosystems. Metagenomic sequencing revealed that after 5 years of warming, an increase 1031 

of soil temperature by 5 oC significantly increased the genes involved in carbohydrate 1032 

decomposition in the organic layer, but after 20 years of warming, the warming treatment 1033 



 23 

reduced these genes; meanwhile, the bacteria isolated from the warmed soil were larger than 1034 

the control treatment (Pold et al., 2016). 1035 

The annual average temperature in the Qinghai-Tibet Plateau is relatively low, and it is 1036 

generally believed that alpine ecosystems are more sensitive to climate change. According to 1037 

a meta-analysis study in the Qinghai-Tibet Plateau, warming significantly increased soil 1038 

microbial carbon and microbial nitrogen content, and the effect of warming on them decreased 1039 

with increasing annual temperature, while increasing temperature increased net nitrogen 1040 

mineralization and nitrification rates, but warming did not significantly affect soil carbon and 1041 

nitrogen content (Zhang et al., 2015). Short-term warming has no consistent effects on soil 1042 

microbial community composition and diversity. For example, 15 months of warming 1043 

significantly altered soil bacterial composition in alpine meadows (Xiong et al., 2014), but did 1044 

not significantly change fungal diversity and community composition (Xiong et al., 2014). 1045 

Warming also increased the relative abundance of actinomycetes and alpha-proteobacteria, 1046 

which may be due to increased soil available carbon, which further stimulated the growth of 1047 

eutrophic bacteria, similar to a study in an elevation transplant in the alpine meadow (Rui et 1048 

al., 2015). In contrast, Zhang et al. (2016) did not find one-year warming had a significant 1049 

effect on the composition of soil bacterial communities. Li et al. (2016) found that after 3 years 1050 

of treatment, the elevated temperature significantly increased bacterial diversity but reduced 1051 

the beta diversity. These studies illustrated the complex responses of soil microbial 1052 

communities to warming. The Qinghai-Tibet Plateau environment is more complex, and one 1053 

of the obvious features is that the environmental factors change with altitude. There are few 1054 

studies on the effects of medium- and long-term temperature increases on belowground 1055 

communities. Yu et al. (2019) used the open-top chamber warming facility to study the soil 1056 

microbial community on the elevation gradient with increasing temperature, and found that the 1057 

effect of 7-year warming on soil microbial community structure and diversity was different 1058 
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with altitude, which may be due to differences in plant cover, soil pH and ambient temperature. 1059 

There are few studies on the effects of warming on functional groups and microbial community 1060 

activity compared to soil microbial species composition (Donhauser & Frey, 2018). Increasing 1061 

the temperature significantly increased the abundance of methane oxidizing bacteria, which 1062 

might be related to a decrease in soil moisture caused by an increase in temperature and an 1063 

increase in gas permeability (Zheng et al., 2012). It was found that warming caused changes in 1064 

soil enzyme activity, but no significant changes in microbial community structure were found 1065 

(Zi et al., 2018). Under warming conditions, microbial community changes might be caused 1066 

by soil moisture (Zhang et al., 2016), soil carbon and nitrogen substrates (Xiong et al., 2014; 1067 

Zhang et al., 2016) and plant community properties (Xiong et al., 2014; Rui et al., 2015; Wang 1068 

et al., 2017). 1069 

Most of soil microorganisms are heterotrophic. The soil microorganisms utilize some of 1070 

organic carbon for growth, and the other part is used for breathing, thereby releasing CO2. The 1071 

enzyme reaction processes controlling these reactions are sensitive to temperature. Short-term 1072 

warming will stimulate the release of CO2 from the soil, but this stimulating effect is usually 1073 

unsustainable, and therefore CO2 release rate would return to the level before warming in a few 1074 

years. The potential mechanisms might be: thermal adaptation due to physiological regulation 1075 

(Crowther & Bradford, 2013), microbial community structure changes (Xue et al., 2016) and 1076 

reduction of available substrates (Kirschbaum, 2004). Using a natural geothermal temperature 1077 

gradient experiment with more than 50 years, soil carbon decreased in short term and remained 1078 

stable in the long term; the main reason was the consumption of the substrate and the reduction 1079 

of microbial biomass (Walker et al., 2018). A 26-year warming observation experiment in mid-1080 

latitude broad-leaved forests found that the effect of temperature increase on soil carbon was 1081 

not consistent: the reduction of soil carbon and no significant change of carbon flux appeared 1082 

alternately; the behind mechanisms were related to consumption of available substrate, 1083 
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reduction of microbial biomass, reduction of microbial carbon utilization efficiency, changes 1084 

in microbial community composition and especially the increase in the relative abundance of 1085 

oligotrophic microorganisms (Melillo et al., 2002). In a 22-year warming experiment in the 1086 

Harvard forest, warming reduced the carbon use efficiency of soil microbes and increased the 1087 

turnover of microbial biomass (Li et al., 2019). 1088 

1.2.5 Effects of grazing on soil microbial community diversity and composition 1089 

Grazing can affect soil microbial communities through multiple pathways, including removing 1090 

plant biomass, returning carbon and nutrients through excreta, trampling to affect soil physical 1091 

properties, and affecting the quantity and quality of litter. Impacts of grazing may be affected 1092 

by animal body size, ecosystem productivity, and climate (Wang et al., 2016; Andriuzzi & 1093 

Wall, 2017; Sun et al., 2018). A meta-analysis showed that in arid ecosystems, herbivores 1094 

tended to reduce microbial biomass and nitrogen mineralization; the emergence of herbivores 1095 

reduced and increased soil respiration in sub-Arctic and temperate ecosystems, respectively, 1096 

but no net effects were found on microbial biomass and nitrogen mineralization in both 1097 

ecosystems; the larger the herbivore, the more likely it was to have a negative effect on 1098 

microbial biomass and nitrogen mineralization (Andriuzzi & Wall, 2017). In grassland 1099 

ecosystems, livestock grazing reduced soil carbon and nitrogen pools, but significantly 1100 

increased soil carbon and nitrogen fluxes, including soil respiration, net nitrogen mineralization, 1101 

and nitrogen nitrification, while grazing intensity significantly regulated grazing effects; mild 1102 

grazing was conducive to soil carbon and nitrogen fixation, while moderate and severe grazing 1103 

significantly contributed to carbon and nitrogen losses (Zhou et al., 2017). 1104 

Considering the important role of grazing intensity, there were many studies on the 1105 

characteristics and functions of soil microbial community under grazing treatments in 1106 

temperate grassland and alpine grassland in Qinghai-Tibet Plateau. A meta-analysis of global 1107 

grasslands showed that the effects of grazing on soil microbial abundance depended on grazing 1108 
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intensity, that is, heavy grazing intensity significantly reduced soil total microbial, bacterial 1109 

and fungal abundance by 8.85%-11.74% with no significant effects of light or moderate grazing 1110 

intensity on these indices (Zhao et al., 2017). In the Qinghai-Tibet Plateau, a meta-analysis 1111 

also found that grazing significantly reduced soil microbial biomass and soil carbon and 1112 

nitrogen content, but increased plant diversity (Lu et al., 2017).  Yang et al. (2019) used high-1113 

throughput sequencing to study changes in soil bacterial and fungal communities in alpine 1114 

meadows during the year and winter grazing, and found that grazing did not significantly alter 1115 

the alpha diversity of bacterial and fungal communities, but significantly changed the 1116 

community structure of the two groups; the changes of bacterial and fungal communities were 1117 

significantly correlated with soil total carbon, total nitrogen content and C/N; in addition, the 1118 

bacterial community composition was also related to plant aboveground biomass, while 1119 

changes in fungal community was related to soil pH and moisture content; compared to winter 1120 

grazing, grazing throughout the year had higher soil carbon and nitrogen content and more 1121 

stable soil microbial community. Therefore, grazing throughout the year may be a better 1122 

grazing management measure. In the temperate grasslands of Inner Mongolia, compared with 1123 

non-grazing and heavy grazing, the diversity of bacterial communities under mild and moderate 1124 

grazing was significantly higher; and overall changes in bacterial community were significantly 1125 

associated with soil water content, pH, and plant biomass (Zhou et al., 2010). 1126 

Under grazing conditions, there were more studies on functional microbial communities related 1127 

to soil carbon and nitrogen cycles than these on soil microbial community composition. Most 1128 

studies focused on the effects of grazing intensity on nitrogen cycling processes and related 1129 

functional microbes (Patra et al., 2005; Patra et al., 2006). Moderate grazing led to increased 1130 

substrates for nitrification, which was generally beneficial to the nitrification process and the 1131 

growth of related functional microorganisms, but the activity and related microbial abundances 1132 

did not change synchronously (Le Roux et al., 2008). Likewise, moderate grazing increased 1133 
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the available carbon, and animal tramping increased the soil compaction and reduced the 1134 

absorption of nitrogen in the upper soil layer, which was beneficial to the denitrification process. 1135 

However, if the loss of nitrogen under heavy grazing exceeds the returned nitrogen, it would 1136 

cause decrease in soil nitrate, which was detrimental to denitrification (Xu et al., 2008). 1137 

Different grazing management measures might have different or even opposite effects on the 1138 

carbon-nitrogen cycle functional group. For example, using functional gene arrays, the results 1139 

showed that moderate grazing significantly changed the community composition of soil 1140 

functional microbes, increased the abundance of functional microbes related to nitrogen 1141 

mineralization and nitrification, but reduced the abundance of functional genes related to 1142 

denitrification; therefore, it might be beneficial to retain nitrogen; at the same time, grazing 1143 

reduced the abundance of functional genes related to carbon decomposition (Yang et al., 2013). 1144 

Although winter grazing increased the abundance of functional genes associated with easily 1145 

decomposable carbon, it increased the abundance of functional genes associated with 1146 

recalcitrant carbon decomposition and reduced the functional genes associated with nitrogen 1147 

nitrification and denitrification (Wang et al., 2016). In an alpine meadow ecosystem, different 1148 

functional microorganisms driving the same nitrogen cycle may have different responses to 1149 

grazing. Among the two types of microorganisms involved in ammonia oxidation, grazing has 1150 

a higher effect on ammonia-oxidizing bacteria than ammonia-oxidizing archaea (Zhong et al., 1151 

2014), while grazing significantly increased and decreased the abundance of nirK and nirS 1152 

respectively in the denitrification process (Xie et al., 2014). Changes in functional gene 1153 

abundance under grazing conditions were significantly associated with functional potential of 1154 

microbes (Webster et al., 2005). For example, in temperate grasslands, more than 80% of the 1155 

variation in soil N2O production under grazing conditions can be explained by changes in AOA 1156 

and AOB, and the production of N2O and N2O+N2 was also significantly associated with the 1157 

abundance of narG (Zhong et al., 2014). Using control experiments, it has been demonstrated 1158 
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that faecal and urine return (Pan et al., 2018) and animal trampling (Menneer et al., 2005) can 1159 

regulate greenhouse gas emissions by affecting soil functional microorganisms associated with 1160 

the nitrogen cycles. 1161 

1.2.6 Main methods for inferring community assembly mechanisms 1162 

Processes driving the assembly of microbial community can be summarised as four basic 1163 

processes, i. e.  selection, drift, dispersal and diversifications since they were introduced into 1164 

microbial ecology (Nemergut et al., 2013; Stegen et al., 2013). Although these four processes 1165 

are the fundamental mechanisms structuring community patterns. However, simultaneous 1166 

quantifying these four processes can be difficult. On the other hand, these four-process stress 1167 

on different facets of deterministic and stochastic processes. Selection is basically a 1168 

deterministic process because its effects are based on species traits, alternatively niche 1169 

difference. In contrast, drift, speciation, and dispersal can be recognized as stochastic process, 1170 

which lead community to deviate from patterns predicted based on niche. Thus, stochastic and 1171 

deterministic processes were more commonly used in examining the processes structuring the 1172 

community assembly because it is hard to model the community dynamics without detailed 1173 

parameters in quantifying those four processes. Deterministic processes come into play through 1174 

interspecies interactions and environment selection based on niche differences (Vellend, 2010). 1175 

However, stochastic processes emphasis on the ecological drift and random demographical 1176 

process.   1177 
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 1178 

Table 1.1 Methods available to infer the effects of stochastic effects 1179 

  Data required  Advantage  Disadvantage 

Multivariate analysis based 

(Permutational multivariate analysis 

of variance (PERMANOVA), Mantel 

test, variation-partitioning analysis 

(VPA)) 

 Community composition, 

environmental factors, spatial factors 

 Easy to use, most often used 

methods 

 Low power for inferring the 

importance of stochasticity because 

of unmeasured environmental 

factors 

       
Neutral theory-based models  Community composition   No need to collect environmental 

factors 

 Hard to accurately obtain key 

parameters  

       
Null Model  Community composition (incidence 

or abundance data) 

 No need to collect environmental 

factors 

 Difficult to develop suitable 

randomization algorithms; Too 

many optional models 

Note: the table is summarised from Zhou &  Ning (2017) 1180 
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There are basically three methods to study the importance of stochastic processes including 1181 

multivariable analysis, neutral theory model, and null model (Table 1.1).  For example, in 1182 

multivariable analysis, the most commonly used method is variation-partitioning analysis 1183 

(VPA), in which the effects of environmental selection are determined by correlation between 1184 

environmental factors and geographic distance after controlling impacts of geographic distance, 1185 

while the effects of geographic distance are quantified with correlations between community 1186 

structure and geographic distance after controlling influences of environmental factors (Smith 1187 

& Lundholm, 2010). However, it is not possible to measure all environmental factors, and thus 1188 

the effects of geographic distance might be overestimated (Hanson et al., 2012).  1189 

For neutral-theory-based process models, the Hubbell’s neutral model is the most widely used 1190 

model, in which three parameters are essential including immigration rate(m), fundamental 1191 

diversity number (θ) determined by population size of the metacommunity (JM) and the 1192 

speciation rate (v) (Hubbell, 2001).  Although the underlying hypothesis of neutral model is 1193 

unrealistic and over-simplified, it has been successfully fit many ecological patterns including 1194 

species-abundance, species-area, abundance-occupancy, species turnover and distance-decay 1195 

relationships (Morlon et al., 2009).  1196 

For null model, it works by generating random patterns but permuting community data and 1197 

purposely excluding certain mechanisms (Gotelli, 2001). Then, one can compare the 1198 

dissimilarity or similarity metrics of stochastically created community and observed metrics to 1199 

infer community assembly mechanisms. If the null patterns were not significantly different 1200 

from the empirical patterns, community assembly would be interpreted as stochastic. Null 1201 

model has also been combined with new metrics to measure taxonomic β-diversity and 1202 

phylogenetic α- and β-diversity for inferring community assembly mechanisms (Zhou & Ning, 1203 

2017). 1204 
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Traditionally, ecologists study community ecology from the perspective of taxonomic 1205 

composition. However, there is a growing interest in incorporating evolutionary information in 1206 

understanding community pattern, assembly processes and their implication for ecosystem 1207 

functioning (Webb et al., 2002; Cavender-Bares et al., 2009; Srivastava et al., 2012; Stegen et 1208 

al., 2013; Gerhold et al., 2015). Community phylogenetics try to understand community 1209 

compositions through integrating species phylogenetic information into null model in 1210 

explaining the driving force of community formation. There are three important parts in 1211 

community phylogenetics, that is, species phylogenies, species traits and species composition 1212 

(Webb et al., 2002). By combining these three facets, one can gain insight to community 1213 

phylogenetic structure, phylogenetic basis of community niche difference and trait evolution 1214 

and biogeography (Webb et al., 2002). Recently, a new quantitively framework has been 1215 

created which combine null model and phylogenetic information, representing the most 1216 

advanced method (Figure 1.1) (Stegen et al., 2013; Zhou & Ning, 2017). 1217 

 1218 

 1219 

Figure 1.1 A quantitative method to partition assembly processes  1220 
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1.3 Research gaps 1221 

Studying the changes of soil microbial community under environmental changes is essential 1222 

for understanding microbial potential functions and enriching microbial ecology theories. The 1223 

Tibetan Plateau is of great significance to the regional and global climate and carbon cycles 1224 

and alpine grasslands are the largest ecosystem. The Qinghai-Tibet Plateau grassland 1225 

ecosystems are facing ecological problems such as climate warming, precipitation change and 1226 

intensive grazing. Therefore, it is of great theoretical and practical significance to study the 1227 

changes and driving forces of soil microbial communities of the alpine grasslands under 1228 

hydrothermal changes and different types of grassland management. Based on the literature 1229 

review, identified research gaps include: 1230 

1. How do soil bacterial and fungal communities change along the precipitation and 1231 

temperature gradients at the regional scale and what are the driving forces in the Tibetan 1232 

alpine grassland? 1233 

2. How do soil microbial co-occurrence networks change along the precipitation and 1234 

temperature gradient and what are the drivers of networks in different alpine grasslands? 1235 

3. How do climate changes (i.e. warming) and human activities (i.e. grazing) interact to 1236 

affect soil microbial functional structure change? 1237 

1.4 Research contents 1238 

1. Alpha and beta diversity patterns of soil bacterial communities and their driving forces 1239 

along the climate gradient in the Tibetan grasslands. 1240 

2. Alpha and beta diversity patterns of soil fungal communities and their driving forces 1241 

along the climate gradient in the Tibetan grasslands. 1242 
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3. Changes of microbial co-occurrence networks and their driving factors alone the 1243 

climate gradient in the Tibetan grasslands. 1244 

4. The interactive effects of climate warming and grassland management (i.e. grazing) on 1245 

soil microbial diversity and functional potentials. 1246 

  1247 
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Table 2.1 Information of geography, climate, and plant types of sampling sites 1263 

Site MAP (mm) MAT (oC)  Longitude(o)  Latitude(o)  Elevation(m) Vegetation 

BR 601.50 3.80 93.406 31.535 4192 Alpine shrub meadow 

GLCD 517.00 0.11 100.492 34.517 3600 Alpine meadow 

NMCN 491.12 2.29 90.963 30.773 4741 Alpine steppe 

NMC 491.12 2.29 91.038 30.742 4800 Alpine meadow 

NQWN 454.41 -0.34 92.099 37.253 4501 Alpine meadow 

NQSD 454.41 -0.37 92.101 31.279 4453 Alpine swap meadow 

BG 353.00 0.70 90.520 31.371 4609 Alpine steppe 

NM 341.67 -0.10 89.586 31.621 4596 Alpine steppe 

ZF 304.67 3.47 86.846 28.304 4622 Alpine shrub meadow 

JWL 304.67 3.47 87.075 28.517 4981 Alpine meadow 

CB 182.79 0.70 84.164 33.238 4684 Alpine steppe 

DC 182.79 -0.1 84.850 31.998 4594 Alpine steppe 

AL 73.40 0.10 79.704 33.424 4266 Alpine desert 

RT 73.40 0.10 79.948 33.395 4332 Alpine desert 

 1264 

2.1.2 Field sampling campaign 1265 

We conducted the field sampling campaign during peak of growing seasons (July to August) 1266 

in 2012. Across the transect, a total of 53 soil samples were collected from 19 sites, representing 1267 

major vegetation types (Figure 2.1 and Table 2.1). The sampling sites were at least 1 km away 1268 

from road to minimize anthropogenic disturbance.  At each site, three 1×1 plots were 1269 

established along the diagonal line of a randomly selected 20 m×20 m quadrat. We recorded 1270 

geographic coordinates, elevation and vegetation type for each site. Within each plot, we 1271 

recorded all vascular plant species and then harvested aboveground plant biomass for each 1272 

species to ground level. The harvested plant biomass was transported to laboratory and dried 1273 

to constant weight at 65 oC. Five randomly collected soil cores (14 cm in diameter) at the depth 1274 

of 0-10 cm were collected and transported to laboratory in cool boxes. Soil samples in each 1275 

plot were mixed as a composite sample and sieved through a 2 mm mesh, followed by removing 1276 
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visible roots. One portion of the composite sample was stored at -20 oC for molecular analysis, 1277 

and another portion was stored at 4 oC for soil chemical and physical analysis. 1278 

2.1.3 Analysis of soil physical and chemical properties 1279 

Soil moisture content was measured by drying fresh soil at 105 oC for 24 h. Soil total organic 1280 

carbon was determined by Tyurin method (Lu, 1999). Soil total nitrogen was determined by 1281 

Kjeldahl digestion followed by measurement on an AutoAnalyzer 3 HR (SEAL Analytical, 1282 

Inc., Norderstedt, Germany). Soil N-NH4+, N-NO3- content were extracted with 2 M KCl and 1283 

measured using a LACHAT Quickchem Automated Ion Analyzer (Lachat Instruments, 1284 

Loveland, Colorado, USA). Soil dissolved organic carbon (DOC) was extracted with 2 M KCl 1285 

and measured using a TOC analyzer (liqui TOC II, Elementar Analysensysteme GmbH, Hanau, 1286 

Germany). Soil microbial biomass carbon and nitrogen were determined using the chloroform 1287 

fumigation-extraction method (Brookes et al., 1985). Soil available phosphorus (AP, Olsen-P) 1288 

was measured colorimetrically on a UV-2700 (Shimadzu Corp., Kyoto, Japan) using 1289 

molybdenum blue method (Olsen et al., 1954). Soil pH was determined in 1:3 soil/water 1290 

suspensions with a Starter 3100 (Ohaus Instrument Co. Ltd., Shanghai, China). 1291 

2.2 Warming and grazing experiment 1292 

2.2.1 Site and sampling 1293 

The experiment was carried out at the Free-Air Temperature Enhancement (FATE) facility at 1294 

the Haibei Alpine Meadow Ecosystem Research Station (37°37' N, 101°12' E, and 3250 m 1295 

elevation) in northeastern Qinghai-Tibetan Plateau. The mean annual temperature is -2oC and 1296 

mean annual precipitation is 500 mm (Zhao & Zhou, 1999; Luo et al., 2010). Over 80% of 1297 

precipitation falls during the summer monsoon season. The soil at the study site is classified as 1298 

Mat Crygelic Cambisols (Chinese Soil Taxonomy 1995) with a texture of clay loam. The total 1299 
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C, total N, pH, bulk density and porosity of soils were 73.3 g kg-1, 5.5 g kg-1, 8.0, 1.09 g cm-3 1300 

and 58.7% respectively (Cao et al., 2008; Lin et al., 2015). The plant community at the 1301 

experimental site is dominated by Kobresia humilis (C.A.Mey. ex Trautv.) Serg., Festuc aovina 1302 

L., Elymus nutans Griseb., Poa pratensis L., Care xscabrirostris Kük., Scripus distigmaticus 1303 

(Kukenth.) Tang et Wang, Gentiana straminea Maxim., Gentiana farreri Balf.f., Blysmus 1304 

sinocompressus Tang &F.T.Wang and Potentilla nivea L.(Luo et al., 2010). 1305 

Using infrared heating to mimic climate warming, FATE increased plant canopy temperature 1306 

by 1.2oC during daytime and 1.7oC at night in summer (Kimball et al., 2008; Luo et al., 2010). 1307 

Such warming manipulations were intended to mimic the expected temperature changes by the 1308 

year of 2075 in this area. A two-factorial design, consisting of control (C), warming alone (W), 1309 

grazing alone (G), and the combined treatment of warming and grazing (WG), has been 1310 

adopted to investigate effects of simulated warming and grazing on alpine meadow ecosystem 1311 

since May 2006. A total of 16 circular plots with 3-m diameter were arranged using a 1312 

completely randomized design with four replicates for each treatment. The circular plots were 1313 

3 m apart between neighbouring plots. The livestock grazing was initially implemented by 1314 

fencing one adult Tibet sheep in the grazing plots for nearly 2 hours on 15th August 2006, and 1315 

then, two adult Tibetan sheep were fenced for approximately 1 hour in the grazed plots on the 1316 

mornings of 12th July, 3rd August and 12th September 2007, 8th July and 20th August in 2008, 1317 

9th July in 2009. All experimental sheep were fenced into three additional 5*5 m fenced plots 1318 

for one day before every-grazing experiment to help them adapt to smaller plots on the 1319 

following day. The canopy heights after grazing were about half of the initial height and annual 1320 

average vegetation utilization rate was 48.5% in G and 47.9% in WG, which corresponded to 1321 

a moderate grazing intensity (Cao et al., 2004). It should be noted that the grazing frequency 1322 

was not consistent because of the difficulties of manipulating sheep and the bad weather 1323 

conditions. 1324 
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The soil temperature at depths of 5, 10 and 20 cm was measured automatically using type K 1325 

thermocouples (Campbell Scientific, Logan, Utah, USA), and values for 1 minute and 15 1326 

minute averages were stored. Soil moisture at depths of 10, 20, 30 and 40 cm was manually 1327 

measured through a tube in the ground down to 40 cm depth using a frequency domain 1328 

reflectometer (FDR; Model Diviner-2000, Sentek Pty Ltd., Australia) at 08:00, 14:00, and 1329 

20:00 every day (Luo et al., 2010; Wang et al., 2012). 1330 

Five soil cores (5 cm diameter) were randomly collected within each plot on 3rd August 2009 1331 

at the depth of 0-20 cm and then mixed as a composite sample. After transporting to the 1332 

laboratory, all soil samples were sieved through a 2 mm mesh, removed visible roots by hand, 1333 

and stored at -20 oC for molecular analysis and 4 oC for soil chemical analysis. 1334 

2.2.2 Measurement of soil and plant properties 1335 

The soil moisture, pH, NH4+-N, NO3--N, microbial biomass C and N (MBC and MBN), soluble 1336 

organic C and N (SOC and SON), total N (TN) and phosphorus (TP) have been measured and 1337 

reported by Rui et al. (2011), in which soil was collected in the same sampling campaign in 1338 

2009 though seprated into 0-10 cm and 10-20 cm depths. Aboveground plant biomass 1339 

(BiomassA), belowground root biomass (BiomassB) and plant species diversity were measured 1340 

and reported by Wang et al. (2012), which were also used for the plant analyses in this study. 1341 

 1342 

 1343 

 1344 

  1345 
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Chapter 3 Changes in soil bacterial communities along a climate gradient 1346 

in Tibetan plateau 1347 

3.1 Abstract 1348 

In recent years, there have been many studies on soil bacterial diversity pattern at different 1349 

spatial scales. Climate, soil and plant factors were found to remarkably affect soil bacterial 1350 

communities. However, the relative importance of various factors in structuring soil bacterial 1351 

communities was in different ecosystem and spatial remained largely inconclusive. The alpine 1352 

grassland ecosystem of the Tibetan plateau is experiencing constant impacts by climate 1353 

changes. Most studies on the responses of soil bacterial community to climate changes was 1354 

performed at the local scales. However, how the diversity patterns of soil bacterial community 1355 

change under climate gradient are poorly understood in the Tibetan alpine grassland. In this 1356 

chapter, we studied soil bacterial diversity and community composition along a climate 1357 

gradient in the Tibetan grasslands. Results showed soil bacterial diversity was highest in alpine 1358 

swamp meadow. Soil bacterial diversity was not significantly different among the alpine 1359 

meadow, alpine steppe and alpine desert. The dominant phylum varied in different habitats and 1360 

changed in different trend with environmental factors. In addition, soil bacterial diversity was 1361 

strongly associated with factors related to soil fertility, but not with soil pH. Structural equation 1362 

modelling indicated that mean annual precipitation (MAP) indirectly affected soil bacterial 1363 

diversity by its direct effects on soil DOC (dissolved organic carbon) and plant diversity. 1364 

However, mean annual precipitation can directly affect soil bacterial community composition. 1365 

In addition, soil bacterial community were also indirectly shaped by MAP through its effects 1366 

on DOC, soil pH and plant community composition. 1367 

 1368 
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3.2 Introduction 1369 

Soil bacteria play an important role in the global biogeochemical cycle. Due to smaller body 1370 

size and relatively larger specific surface, bacteria respond to environment changes more 1371 

rapidly than fungi. In addition to aerobic respiration to produce energy, bacteria can also 1372 

produce energy through other pathways, including anaerobic respiration, fermentation, 1373 

inorganic nutrition, photoheterotrophy, non-oxygen photosynthesis, and atypical autotrophic 1374 

CO2 fixation. 1375 

In recent years, there have been a large number of studies on the distribution of soil bacterial 1376 

diversity on global, continental, regional and local scales. Soil bacterial diversity was found to 1377 

have different distribution patterns and driving factors in different spatial scales and biomes. 1378 

Previous studies found that soil pH (Fierer & Jackson, 2006), soil organic matter content 1379 

(Delgado-Baquerizo et al., 2016), and climate factors (Zhou et al., 2016) had important roles 1380 

varying with different scales and biomes 1381 

The predominant role of hydrothermal factors for plant diversity was widely known. For 1382 

example, hydrothermal factors are the most important factors affecting the biodiversity of 1383 

global vascular plants (Barthlott et al., 2007; Kreft & Jetz, 2007). The changes in temperature 1384 

and precipitation are also the primary factors affecting plant species turnover in global arid 1385 

regions (Ulrich et al., 2014). In Chinese grassland ecosystems, climate factors explained more 1386 

regional and cross-regional β diversity than soil factors (Chi et al., 2014). However, the patterns 1387 

of microbial diversity under hydrothermal gradients were less explored. In the global arid 1388 

ecosystems, as the degree of drought increases, the diversity and abundance of bacteria were 1389 

significantly reduced (Maestre et al., 2015). Along a precipitation gradient of 100-900 mm, the 1390 

changes in soil bacterial communities can be largely explained by precipitation and plant 1391 

coverage (Angel et al., 2010). In the grassland ecosystem of northern China, although the alpha 1392 

diversity of soil bacteria did not decrease linearly with the aridity index, there was a lower 1393 
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diversity in the soil with a higher degree of drought (Wang et al., 2015).  Given the determinant 1394 

effects of hydrothermal factors on plant and the close linkages between aboveground and 1395 

belowground communities, this thesis hypothesized that hydrothermal factors can affect soil 1396 

bacterial community through directly affecting plant diversity and composition.  1397 

Currently, the impact of environmental changes on soil bacterial communities on the Qinghai-1398 

Tibet Plateau have mostly focused on the impact of global changes on soil bacterial 1399 

communities, mostly through locally simulating warming (Xiong et al., 2014; Rui et al., 2015) 1400 

or precipitation patterns changes (Zhang et al., 2016; Zhang et al., 2016). However, there is 1401 

still a lack of research on the changes of soil bacteria under the natural hydrothermal gradient 1402 

of the Qinghai-Tibet Plateau. This chapter attempted to answer the following scientific 1403 

questions: (1) How do soil bacterial diversity and community structure change under 1404 

hydrothermal gradients? (2) What are the relative effects of climate factors, soil factors, and 1405 

plant communities on the changes in soil bacterial community diversity and structure? 1406 

3.3 Materials and methods 1407 

3.3.1 Sites, samplings and environmental factors analysis 1408 

Please see 2.1.1, 2.1.2 and 2.1.3 for details. 1409 

3.3.2 Soil DNA extraction, PCR amplification, and 454-based sequencing 1410 

Soil genomic DNA was extracted from 0.25 g frozen soil using the PowerSoil™ DNA Isolation 1411 

Kit (MO BIO Laboratories, Carlsbad, CA, USA) following the manufacturer’s instructions. 1412 

The concentration and quality of the DNA extraction were determined by a NanoDrop ND-1413 

1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The PCR 1414 

amplification of the V1-V3 region of the bacterial 16s RNA gene was performed using primers 1415 

8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 533R (5'-TTACCGCGGCTGCTGGCAC-3'), 1416 
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and the PCR reaction system was 20 μL, and the composition was 20 ng DNA template, 2 μM 1417 

of anterior and posterior primers, 0.25 μM dNTPs (Takara), 1 unit of FastPfu DNA synthase 1418 

(2.5 U/μL, TransGen). The PCR reaction conditions were as follows: pre-denaturation at 95 oC 1419 

for 2 min; denaturation at 95 oC for 30 cycles for 20 s, annealing at 56 oC for 30 s, extension at 1420 

72 oC for 45 s, and extension at 72 oC for 7 min. The PCR amplification products were purified 1421 

using QIAquick PCR purification (QiaGen, Valencia, CA) kit. In PCR amplification, three 1422 

technique replicates were performed for each sample, and then pooled as a composite sample. 1423 

The pooled PCR products were purified with the QIAquick PCR purification kit (QiaGen, 1424 

Valencia, CA). The purified PCR products were adjusted to equal molar for each sample and 1425 

subsequently pyrosequenced by a Genome Sequencer FLX System platform (454 Life Science 1426 

Branford, CT, USA) according to manufacturer's instructions in BGI-Huada Genomics 1427 

Institute, (Shenzhen, China). The raw sequence data were processed using the QIIME 1.9.1 1428 

(Caporaso et al., 2010). Sequences were quality controlled by removing sequences with quality 1429 

scores below 25, or lengths below 300bp or ambiguous nucleotides above zero. Putative 1430 

chimaeras were removed using the UCHIME chimaera checking (de novo mode) utility in the 1431 

USEARCH (Edgar et al., 2011). After discarding singleton sequences, the remaining high-1432 

quality sequences were clustered into operational taxonomic units (OTUs) at a 97% sequence 1433 

similarity with the UCLUST algorithm (Edgar, 2010). The taxonomy was assigned using 1434 

BLAST (Altschul et al., 1990) against SILVA (Release128 ) (Quast et al., 2012). The 1435 

resultant OTU table was further rarefied to an even number of sequences, i.e. 5852 reads for 1436 

each sample. 1437 

3.3.3 Statistical analyses 1438 

Five indices, i.e. richness, Shannon diversity index (H), and Simpson index (1/D), chao1 and 1439 

ACE, were used to estimate alpha diversity of soil fungal communities by using ‘specpool’ and  1440 

‘diversity’ from vegan package (Valentini et al., 2009; Haegeman et al., 2013). Differences in 1441 
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alpha diversity and abundance between vegetation types were determined by using 1442 

LeastSignificance Difference (LSD) test. Permutation Multivariate Analysis of Variance 1443 

(Adonis) based on Bray- Curtis distance matrices were used to test effects of vegetation types 1444 

on fungal community compositions. Non-metric multidimensional scaling (NMDS) was 1445 

performed to visualize the multivariate changes in fungal community composition using Bray-1446 

Curtis distance. In order to investigate distance-decay relationship, community similarity was 1447 

calculated as 1- Bray-Curtis dissimilarity, and Spearman’ s rank correlations were used to 1448 

analyse the relationship between community similarity and geographical distance.  1449 

Principal coordinates of neighbor matrices (PCNM) was used to extract spatial eigenvectors 1450 

from geographic distance by using ‘PCNM’ function from PCNM package (Borcard et al., 1451 

2004; Borcard et al., 2011). PCNM eigenvectors having positive eigenvalues were used as 1452 

spatial predictors for changes in fungal community structure, in which broadness of spatial 1453 

scales decrease with order of eigenvector (Sokol et al., 2013).  In total, six positive PCNM 1454 

vectors were obtained, and thus included in further analysis. To reduce dimensions, plant 1455 

community composition was subjected to principal coordinates analysis (PCoA) using the 1456 

Bray-Curtis dissimilarity matrix (Zuquim et al., 2009). The first 10 plant PCoA axes explaining 1457 

more than 70% of variance of plant community composition were retained as representing plant 1458 

community predictors (Chen et al., 2017). Canonical Correspondence Analyisis (CCA), a 1459 

constrained ordination technique, was performed to explore the relationship between fungal 1460 

community and spatial and non-spatial (including climate, soil and plant) variables. A set of 1461 

explanatory predictors were selected from each variable category (that is, soil plus climate, 1462 

spatial and vegetation) by forward selection with a significance of P < 0.05 in 999 permutation 1463 

test by using ‘ordistep’ function in vegan package. The selected variables were then subjected 1464 

to collinearity analysis to reduce redundancy among predictors by using the ‘vif.cca’ function 1465 

of the vegan package. Variables having variance inflation factors (VIF) <10 were included into 1466 
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final CCA model. Variation Partitioning (VPA) was employed to distinguish fungal 1467 

community variation explained by different groups of explanatory variables as quantified by 1468 

adjusted R2 coefficients by using ‘varpart’ function from vegan package (Legendre, 2008). In 1469 

addition to VPA, simple and partial Mantel tests was conducted to examine relationships the 1470 

relative importance of environmental and spatial variables to microbial community 1471 

dissimilarity with ‘mantel’ and ‘mantel.partial’ function of vegan package.  1472 

We further used the structural equation modelling (SEM) to the evaluate the direct and indirect 1473 

effects of environmental factors and spatial factors on soil bacterial alpha and community 1474 

composition. SEM was created by a prior model based on known relationships between 1475 

variables and theoretical hypotheses on the drivers of soil microbial community variation. The 1476 

good fit criteria in SEM included 0 ⩽ χ2 ⩽ 2 with 0.05<P ⩽ 1.00, and 0 ⩽ RMSEA ⩽ 0.05 1477 

with 0.10<P ⩽ 1.00. We additionally used Bollen-Stine bootstrap (P>0.1 means good fit) test 1478 

to confirm the model to avoid non-normal distribution of variables. In SEM, a path coefficient 1479 

represents correlation strength between two variables. The net total effects of a predictor on 1480 

soil microbial community were acquired by summing all direct and indirect standardized paths 1481 

leading to the dependent variable.  1482 

3.4 Results 1483 

3.4.1 Soil bacterial composition and diversity in different grassland types 1484 

In this study, grasslands were divided into alpine meadows, alpine grasslands, alpine deserts, 1485 

alpine shrub meadows, and alpine swamp meadows. The statistical results showed that 1486 

bacterial richness of swamp meadows was significantly higher than that of alpine desert, while 1487 

there were no significant differences among other types. The statistical results of the chao1 1488 

index and the Shannon-Wiener index were almost the same, that is, the swamp meadow was 1489 
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significantly higher than the alpine desert in these indices, and there were no significant 1490 

differences between the other treatments (Table 3.1). There were no significant differences in 1491 

the Simpson index among these grassland type. The Faith's phylogenetic diversity of the alpine 1492 

desert was significantly lower than that of other types. There were no significant differences 1493 

between the swamp meadow and the alpine meadow in phylogenetic diversity, but swamp 1494 

meadow had significantly higher phylogenetic diversity than the alpine steppe and the alpine 1495 

shrub (Table 3.1). 1496 

  1497 
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Table 3.1 Soil bacterial diversity indices under different vegetation types. Data were shown as 1498 

mean ± SE. Different letters indicated significant differences among plant types at P<0.05, 1499 

determined by least significant difference (LSD) analyses. 1500 

Vegetation Species chao1 Shannon- 

Wiener 

Simpson Faith's PD 

Alpine desert 2105.25±23.92b 4732.61±77.06b 9.919±0.043b 0.997±0.000a 120.18±3.51c 

Alpine steppe 2276.30±24.47ab 5407.67±117.57ab 10.104±0.028ab 0.998±0.000a 134.56±1.58b 

Alpine meadow 2271.89±42.20ab 5376.41±204.50ab 10.089±0.044ab 0.997±0.000a 135.11±1.89ab 

Alpine shrub 

meadow 

2211.00±36.20b 5259.61±159.54ab 10.018±0.050ab 0.997±0.000a 132.45±1.88b 

Swamp meadow 2399.00±45.40a 5941.53±420.15a 10.278±0.035a 0.998±0.000a 146.64±2.58a 

 1501 

The statistical results show that there were 43 bacterial phyla in the soil samples, and the top 1502 

10 abundant phyla were Actinobacteria (32.93%), Proteobacteria (30.46%), and Acidobacteria 1503 

(13.79%), Chlorobi (6.86%), Bacteroidetes (4.5%), Gemmatimonadetes (4.47%), 1504 

Planctomycetes (1.68%), Firmicutes (1.27%), Nitrospirae (1.06%) and Cyanobacteria (0.62%). 1505 

These 10 phyla account for 97.66% of the total OTU numbers. 1506 

 1507 
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Figure 3.1 The relative abundance of main phylum under different vegetation types. Error bars 1508 

represented standard errors. Only data of the top-ten abundant phylum were shown.  1509 

We further compared the top 10 bacterial phyla of in different grassland types. Results showed 1510 

that the dominant bacterial phylum varied among grassland types. For example, in the alpine 1511 

desert, alpine steppe and alpine meadow, Actinobacteria was the dominant phylum, while, in 1512 

swamp meadows and alpine shrub meadows, the dominant phylum was the Proteobacteria. 1513 

Meanwhile, the relative abundance of bacterial phylum was also significantly different in 1514 

different ecosystems (Figure 3.1). 1515 

3.4.2 Relationship between alpha diversity of bacterial communities and biotic and 1516 

abiotic factors 1517 

Due to the strong collinearity between the alpha diversity indices, we chose OTU species 1518 

richness and Faith's phylogenetic diversity to study their correlations with biotic and abiotic 1519 

factors using Pearson product-moment correlation. The results showed that bacterial OTU 1520 

richness was significantly linearly correlated with soil SOC, TN, AP, SM, NO3--N, DOC and 1521 

MBN. The correlation of phylogenetic diversity with these factors was greater than the 1522 

correlation between bacterial species richness with these factors (Table 3.2). Faith's 1523 

phylogenetic diversity was significantly correlated with more factors including MAP, SM, 1524 

SOC, TN, AP, plant richness, plant aboveground biomass, NO3--N, DOC and MBN. 1525 

  1526 
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Table 3.2 Relationships between soil bacterial diversity and abiotic and biotic environmental 1527 

factors by the Pearson correlation.  1528 

 
Richness  Faith's diversity 

 
r value P value 

 
r value P value 

MAP 0.241 0.066 
 

0.395 0.002** 

MAT -0.245 0.062 
 

-0.173 0.191 

SM 0.361 0.005** 
 

0.536 0.000** 

Elevation -0.059 0.660 
 

-0.125 0.346 

SOC 0.301 0.020* 
 

0.425 0.001** 

TN 0.312 0.016* 
 

0.456 0.000** 

C/N 0.115 0.387 
 

0.145 0.273 

AP 0.297 0.022* 
 

0.442 0.000** 

pH -0.013 0.922 
 

-0.168 0.204 

Plant Richness 0.248 0.058 
 

0.334 0.010 

Plant BiomassA 0.249 0.057 
 

0.424 0.001** 

Plant BiomassB 0.117 0.378 
 

0.195 0.138 

NH4
+-N 0.105 0.427 

 
0.173 0.189 

NO3
-- N 0.301 0.021* 

 
0.394 0.002** 

DIN       0.219    0.096            0.313    0.016 

DOC 0.394 0.002** 
 

 0.584 0.000** 

DON 0.146 0.271 
 

0.238 0.069 

MBC -0.221 0.093 
 

-0.196 0.138 

MBN 0.301 0.021* 
 

0.475 0.000** 

Note: Abiotic and biotic factors  included  mean manual precipitation (MAP), mean manual temperature 

(MAT), soil moisture (SM), elevation, soil total organic carbon (SOC), total nitrogen (TN), soil carbon: 

nitrogen ratio (C/N), available phosphorus (AP), soil pH, plant richness, plant aboveground biomass (plant 

BiomassA), plant belowground biomass (plant BiomassB), NH4
+-N, NO3

--N, dissolved organic carbon 
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(DOC), soil dissolved organic nitrogen (DON), soil microbial biomass carbon (MBC) and 

nitrogen (MBN). *P<0.05, **P<0.01. 

 1529 

3.4.3 Relationship between relative abundance of main bacterial phyla and 1530 

environmental factors 1531 

Pearson product-moment correlation analysis showed the relative abundance of different phyla 1532 

was significantly related with different climate, soil and plant factors (Table 3.3 and Figure 1533 

3.2). The abundance of Actinobacteria, Gemmatimonadetes, Chloroflexi and Firmicutes had 1534 

similar correlation direction with biotic and abiotic factors. For example, they were positively 1535 

related to soil pH, but negatively associated with MAP, plant biomass, plant diversity, and soil 1536 

soluble carbon or nitrogen. However, the relative abundance of Proteobacteria, Nitrospirae and 1537 

Acidobacteria different had opposite correlation with these factors. MAP was strongly 1538 

corelated with all phyla except for Bacteroidetes and Planctomycetes. Soil pH was significantly 1539 

related to the relative abundance of Actinobacteria, Gemmatimonadetes, Firmicutes, 1540 

Proteobacteria and Acidobacteria. Soil carbon and nitrogen contents were significantly related 1541 

to the relative abundance of different phyla. Soil properties including SOC, TN, DOC and DIN 1542 

were   significantly corelated with the relative abundance of Actinobacteria, 1543 

Gemmatimonadetes, Chloroflexi, Firmicutes and Proteobacteria. Plant richness and biomass 1544 

were significantly related with the relative abundance of Actinobacteria, Gemmatimonadetes, 1545 

Chloroflexi, Proteobacteria, Nitrospirae and Acidobacteria.  1546 

 1547 

 1548 

 1549 

 1550 
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Table 3.3 Relationships between the relative abundances of different bacterial phylum and climate, soil physicochemical properties or plant 1551 

variables by the Pearson correlation analysis. *P<0.05, **P<0.01. 1552 

 1553 

 
Actinobacteria Gemmatimonadetes Chloroflexi Firmicutes Proteobacteria Nitrospirae Acidobacteria Bacteroidetes Planctomycetes 

MAP -0.727** -0.700** -0.352** -0.308* 0.731** 0.513** 0.555** 0.028 0.019 

MAT -0.085 -0.018 0.133 -0.311* -0.020 -0.284* 0.163 0.053 0.345** 
SM -0.485** -0.606** -0.297* -0.094 0.599** 0.271* 0.032 0.441** -0.381 

Elevation 0.377** 0.393** 0.348** 0.058 -0.438** -0.395** -0.285* 0.129 0.041 

SOC -0.436** -0.577** -0.309* -0.228 0.557** 0.127 0.039 0.477** -0.293 

TN -0.487** -0.613** -0.314* -0.201 0.604** 0.264* 0.084 0.384** -0.314* 
C/N -0.142 -0.082 -0.003 0.071 0.140 -0.215 -0.049 0.227 -0.070 

AP -0.421** -0.553** -0.288 -0.105 0.532** 0.151 0.000 0.475** -0.350 

pH 0.402** 0.405** 0.044 0.454** -0.327* -0.115 -0.394** -0.061 -0.198 

Plant Richness -0.592** -0.499** -0.353** -0.177 0.600** 0.481** 0.489** -0.009 -0.048 

Plant BiomassA -0.526** -0.521** -0.310* -0.160 0.569** 0.397** 0.314* 0.063 -0.150 

Plant BiomassB -0.285* -0.232 -0.154 -0.132 0.253 0.315* 0.311* -0.118 0.050 

NH4+-N -0.412** -0.556** -0.472** -0.365** 0.543** 0.224 0.244 0.134 0.118 

NO3-- N -0.362** -0.449** -0.317* -0.250 0.422** 0.306* 0.219 0.176 -0.058 

DIN -0.473** -0.619** -0.495** -0.385** 0.597** 0.308* 0.282* 0.181 0.059 

DOC -0.583** -0.658** -0.449** -0.208 0.660** 0.179 0.151 0.478** -0.059 

DON -0.257* -0.326* -0.218 -0.291* 0.275* 0.092 0.243 -0.004 0.154 

MBC -0.146 -0.005 0.000 -0.263* 0.034 0.041 0.329* -0.098 0.296 

MBN -0.501** -0.637 -0.365** -0.152 0.596** 0.271* 0.110 0.431** -0.202 
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 1554 

Figure 3.2 The relationship between mean annual precipitation and the relative abundance of 1555 

main bacterial phylum by the Pearson correlation analysis.  1556 

3.4.4 Relationship between soil bacterial community structure and environmental factors 1557 

There are many ways to calculate beta diversity. Here we use Bray–Curtis distance to calculate 1558 

the differences in soil bacterial community structure. NMDS (non-metric multidimensional 1559 

scaling) analysis was used to visualize the changes in community structure, in which the farther 1560 

the distance between the points, the greater the structural difference. Results showed there were 1561 

obvious differences in the bacterial communities of different grassland types (Figure 3.3). 1562 

Adonis Analysis (Permutational Multivariate Analysis of Variance) showed there were 1563 

significant differences in community structure in different grassland types (F = 3.2616, P = 1564 

0.001). 1565 
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 1566 

 1567 

Figure 3.3 Nonmetric Multidimensional Scaling (NMDS) analysis for bacterial community 1568 

composition in different vegetation types. 1569 

Analysing of the relationship between particular biotic and abiotic factors and bacterial 1570 

community structure showed that the bacterial community structure had the highest correlation 1571 

with MAP (Table 3.4). In addition, soil bacterial community structure was significantly related 1572 

to MAP, SM, SOC, TN, AP, pH, DIN and DOC (Table 3.4). 1573 

  1574 
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Table 3.4 Relationships between bacterial community structure and abiotic and biotic factors 1575 

by Mantel analysis. 1576 

 Mantel test 

 
r P 

MAP 0.443 0.001 
MAT 0.135 0.012 
SM 0.239 0.010 

Elevation 0.030 0.317 

SOC 0.167 0.024 
TN 0.177 0.022 
C/N 0.095 0.088 

AP 0.179 0.022 
pH 0.364 0.001 

Plant Richness 0.201 0.006 
Plant BiomassA 0.030 0.346 

Plant BiomassB -0.114 0.913 

NH4
+-N 0.124 0.071 

NO3
-- N 0.042 0.259 

DIN 0.167 0.023 
DOC 0.316 0.001 
DON 0.042 0.246 

MBC 0.107 0.036 
MBN 0.220 0.007 

Note: *P<0.05, **P<0.01. 

3.4.5 The relative effects of environmental factors and spatial factors on bacterial 1577 

community structure changes 1578 

Mantel test was used to analyse the relative effects of geographic distance and environmental 1579 

factors on bacterial community structure. The correlation between bacterial community 1580 

structure and geographical distance was higher than that with environmental factors (r=0.462 1581 

v.s 0.311). The partial mantel analysis did not significantly affect the correlation between 1582 

bacterial community structure and the two factors (Table 3.5). 1583 
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Table 3.5 The relationship between bacterial community structure and environmental factors 1584 

and spatial factors based on Mantel test and partial Mantel test. **P<0.01. 1585 

  Mantel Partial Mantel 

  r P r P 

Environmental 

factors 
0.311 0.001** 0.313a 0.001** 

Geo distance 0.462 0.001** 0.463b 0.001** 

 

The use of geographical distance to study the effects of distance might be too coarse. Therefore, 1586 

PCNM was used to analysis to decompose the geographic distance into 27 different scale 1587 

vectors. Moran I analysis shows that only 5 eigenvalues of spatial vectors were positive. 1588 

Therefore, Tthese 5 positive spatial vectors were used for subsequent analysis. RDA was 1589 

performed to explore the relationship between bacterial community and environmental factors 1590 

and PCNM, and selected the factors with significant effects by using the forward selection. We 1591 

then used the variation partition to decompose the explained variation of bacterial community 1592 

to the environmental and spatial factors. The results showed that the explained variation by 1593 

environmental factors (pH, elevation, SOC, MAP, SM, C/N, MAT) were greater than that by 1594 

spatial factors, with 8.6% and 5.5%, respectively (Figure 3.4). 1595 

  1596 
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 1597 

 1598 

Figure 3.4 The relative importance of environmental factors and spatial factors in structuring 1599 

bacterial communities by variation partition analysis. The number represented percentage (%) 1600 

of variation explained.  1601 

3.4.6 Pathways of structuring soil bacterial alpha diversity and community structure 1602 

Structural equation modeling (SEM) was then used to evaluate the direct and indirect pathways 1603 

of different factors affecting soil bacterial diversity and structure. The SEMs explained 26% of 1604 

variation of soil bacterial richness (Figure 3.5A). The direct effect of DOC was the primary 1605 

driving factor for soil bacterial alpha diversity (Figure 3.5A). Plant richness and MAT had 1606 

relatively smaller but significant direct impacts on soil bacterial alpha diversity. MAP 1607 

indirectly affected soil bacterial diversity through its effects on DOC and plant richness. When 1608 

accounting for indirect and direct effects together based on standardized total effects derived 1609 

from SEM, MAP and MAT had almost same effects with DOC on soil bacterial diversity 1610 

(Figure 3.5B).  1611 

  1612 
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 1613 

 1614 

Figure 3.5 SEM showing the direct and indirect effects of climate, soil and plant properties on 1615 

soil bacterial richness (A) and standardized total effects (direct plus indirect effects) of 1616 

predictors (B). Numbers adjacent to arrows are path coefficients and arrow width is 1617 

proportional to size of path coefficients. Insignificant pathways were not shown in the diagram. 1618 

Model fit statistics for model are shown next to model diagram. Significance levels: *P < 0.05; 1619 

**P < 0.01; ***P < 0.001.  1620 

The SEMs explained 71% of variance of soil bacterial beta diversity (Figure 3.6A). The total 1621 

standardized effects of MAP were higher than other factors. The direct effect of MAP was the 1622 

primary driver of changes in soil bacterial beta diversity. MAP also indirectly impacted 1623 

bacterial beta diversity by affecting soil DOC and pH. Plant community composition had no 1624 

direct effects on soil bacterial community structure but indirectly affect soil bacterial beta 1625 

diversity by its influences on DOC and pH.  1626 

  1627 

(A) (B)
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 1628 

 1629 

 1630 

Figure 3.6 SEM showing the direct and indirect effects of climate, soil and plant properties on 1631 

soil bacterial beta diversity (A) and standardized total effects (direct plus indirect effects) of 1632 

predictors (B). Numbers adjacent to arrows are path coefficients and arrow width is 1633 

proportional to size of path coefficients. Insignificant pathways were not shown in the diagram 1634 

Model fit statistics for model are shown next to model diagram. Significance levels: *P < 0.05; 1635 

**P < 0.01; ***P < 0.001.  1636 

3.5 Discussion 1637 

In terms of overall bacterial community, the swamp meadow having better water conditions 1638 

had the highest diversity, while the alpine desert had the lowest diversity. This result was 1639 

consistent with the differences in diversity of soil bacterial communities among different 1640 

habitats in Chinese temperate grasslands (Wang et al., 2015; Tu et al., 2017). At the same time, 1641 

the overall alpha diversity was significantly correlated with factors that can indicate soil 1642 

nutrient status including total soil organic carbon, total nitrogen, plant aboveground biomass, 1643 

nitrate nitrogen and other factors. Soil fertility was also found to have dominant effects on soil 1644 

bacterial diversity in polar soil (Siciliano et al., 2014). According to SEMs, MAP indirectly 1645 

affected soil bacterial richness by its effects on soil DOC and plant richness. The positive 1646 

effects between soil bacterial richness and soil labile organic carbon and plant richness can be 1647 
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explained more niches provided by these factors for bacteria to survive (Hibbing et al., 2009; 1648 

Laliberté et al., 2014). Similar to the study in the Inner Mongolia grasslands, bacterial alpha 1649 

diversity was also significantly correlated with water condition, total organic carbon, and total 1650 

nitrogen (Wang et al., 2015).  1651 

Among all the samples, the dominant bacterial phyla were Actinomycetes, Proteobacteria, and 1652 

Acidophilus, which was consistent with the next-generation sequencing results in an alpine 1653 

meadow grassland soils (Li et al., 2016). The dominance of different phyla was also different 1654 

for different grassland types. For example, the relative abundance of Proteobacteria and 1655 

Bacteroides was highest in swamp meadows, and lowest in alpine deserts, while Actinomycetes, 1656 

Chloroflexi and Gemmatimonadetes had an opposite trend. In addition, the relative abundance 1657 

of dominant phyla was negatively or positively related to soil available carbon and nitrogen. 1658 

Different reponses of different phyla might be caused by the difference in life strategies (i.e. 1659 

copiotrophs and oligotrophs) and functional traits of the bacteria at the high classification levels 1660 

(Fierer et al., 2007; Philippot et al., 2010; Ho et al., 2017).  1661 

Differences of soil bacterial community structure was significantly affected by with MAP, 1662 

DOC, soil pH and plant community structure. The relationship between pH and the community 1663 

structure of bacterial communities has been reported in many studies, and our finding might be 1664 

explained by the pH range suitable for bacterial survival is narrow (Rousk et al., 2010). Soil 1665 

organic carbon decomposition is limited by low temperature in the Tibtan grasslands, causing 1666 

relatively low content of soil available carbon (Guan et al., 2018). Therefore, avalibility of soil 1667 

carbon remarkablely affected bacterial communities. Althrough recent studies showed that 1668 

plant community structure is closely related to soil bacterial community structure in grassalnd 1669 

ecosystems, no clear mechisms was demonstrated (Prober et al., 2015). In this study, SEM 1670 

showed that plant community composition did not directly affect soil bacterial diversiy but 1671 
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through its effects on soil DOC and pH based on SEMs, providing new sight into associations 1672 

between soil bacterial communities and plant communities structure. Unlike soil bacterial alpha 1673 

diversity, MAP not only indrectly affected soil bacterial beta diversity by soil DOC and pH, 1674 

but also impose impacts directly, suggesting differences in driver of soil bacterial diverstiy and 1675 

composition (Siciliano et al., 2014). 1676 

This study found that the bacterial community structure was significantly correlated with 1677 

environmental and spatial factors, reflecting changes in bacterial community structure resulting 1678 

from contemporary environmental factors and historical factors (Martiny et al., 2006; 1679 

Lindstrom & Langenheder, 2012). The effect of environmental factors on the overall bacterial 1680 

community structure variation was greater than the spatial factor, implying that the effect of 1681 

dispersal limitation on bacterial community structure was not as great as environmental factors, 1682 

which was different from the drivers of soil bacterial diversity pattern in northern China 1683 

grassland (Wang et al., 2015), but consistent with results of a bacterial biogeography research 1684 

in the same type of grassland (Tu et al., 2017).  1685 

3.6 Conclusions 1686 

This chapter studied the changes in soil bacterial diversity and community structure along the 1687 

hydrothermal gradient in the Qinghai-Tibet Plateau. This study found that soil bacterial 1688 

community diversity was higher in alpine. The alpha diversity of soil bacteria was significantly 1689 

related to the soil indicators that can characterize soil water and fertilizer status, but had no 1690 

significant correlation with soil pH, indicating that resource competition might play an 1691 

important role in the changes of soil bacterial alpha diversity. According to SEMs, MAP 1692 

indirectly affected soil bacterial richness by its effects on soil DOC and plant richness. The 1693 

relative abundance of the main bacterial phyla changed in different ways, which might be  1694 
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explained by differences in life strategies of different bacterial phyla. The total effects of MAP 1695 

on soil bacterial community strucrure were higher than other factors. MAP not only indrectly 1696 

affected soil bacterial community  structure by soil DOC and pH, but also had directly impacts. 1697 

The effect of environmental factors on the overall bacterial community structure variation was 1698 

greater than the spatial factors, reflecting comtempeary environmental conditions were more 1699 

important than historical factors.  1700 
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Chapter 4 Changes in soil fungal communities along a climate gradient in 1701 

Tibetan plateau 1702 

4.1 Abstract 1703 

Soil fungi are an important component of soil biota, which contribute substantially to soil 1704 

biogeochemical cycling and plant community dynamics. In recent years, there is an increasing 1705 

interest in studying soil microbial diversity distribution and its driving factors. The plant 1706 

diversity pattern along climate gradients has been well revealed. However, less is known about 1707 

spatial distribution of soil fungal community diversity under water and temperature gradients. 1708 

Soil fungal community diversity is theoretically closely associated with plant community 1709 

diversity. However, this diversity association has been seldom demonstrated by filed 1710 

observational studies. In this chapter, we studied the changes in soil fungal diversity and 1711 

community composition and their driving factors in a climate gradient in the Tibetan grassland 1712 

using high-throughput sequencing. Results showed that soil fungal diversity was significantly 1713 

positively related to mean annual precipitation (MAP). The relative abundance of Ascomycota 1714 

was positively related to MAP, while the relative abundance of Glomeromycota was negatively 1715 

related to MAP. In addition, soil fungal diversity and composition were strongly associated 1716 

with soil pH and plant composition. The predominant impacts of MAP on soil fungal 1717 

community effected through its impacts on soil pH and plant diversity and composition.  1718 

4.2 Introduction 1719 

In recent years, driven by the scientific question of whether there is a biogeographic pattern of 1720 

microorganisms, there has been an increasing number of studies on the spatial distribution of 1721 

soil microbial communities. However, compared with studies on the distribution of macro-1722 

organisms, there are still fewer studies on biogeography of soil microorganisms. Soil fungi are 1723 
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an important part of soil organisms. Many studies have proved that soil fungal communities 1724 

play an important role in nutrient cycling and plant community dynamics. 1725 

The important role of hydrothermal factors on plant diversity, productivity and community 1726 

structure has been widely known. In the global arid regions, the abundance and diversity of soil 1727 

fungi showed a linear decline with increasing drought (Maestre et al., 2015). In northern China, 1728 

soil fungal diversity had a higher correlation with the average annual precipitation than other 1729 

environmental factors (Chen et al., 2017). Precipitation was found as the most important factor 1730 

controlling soil arbuscular mycorrhizal fungal communities in the Qinghai-Tibet Plateau 1731 

(Zhang et al., 2016). In the Alps, soils with high moisture content had higher fungal alpha 1732 

diversity (Pellissier et al., 2014) . These studies show that water conditions play an important 1733 

role in the diversity and community structure of soil fungal communities. 1734 

Theoretically, plants can influence soil fungal communities by providing organic carbon to soil 1735 

fungal communities (Jin et al., 2012). For example, saprophytic fungi obtain energy by 1736 

decomposing plant residues, and mycorrhizal fungi provide plants with mineral nutrients and 1737 

water, while obtaining carbohydrates. Most studies on the relationship between plant and soil 1738 

fungal communities have focused on the rhizosphere of plants, but relatively few studies have 1739 

focused on the non-rhizosphere fungal community (Kivlin et al., 2017). Therefore, although 1740 

plant species diversity and soil microbial diversity are generally considered closely associated, 1741 

the correlation between plant diversity and non-rhizosphere soil fungi has been rarely revealed 1742 

with observational studies. In multiple biomes and the global scales, studies have found that 1743 

there was no significant correlation between plant species richness and soil fungal diversity 1744 

(Prober et al., 2015). However, at the regional scale, there are a few studies on the relationship 1745 

between plant species diversity and non-rhizosphere soil fungal diversity (Yang et al., 2017). 1746 

The main purposes of this chapter were to answer the following scientific questions: ( 1 ) Do 1747 

plants and soil fungal communities have similar diversity patterns with precipitation? (2 ) Does 1748 
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the diversity of plant communities uniquely account for the diversity and composition variation 1749 

of soil fungal communities? ( 3 ) What are the relative importances of climate, soil factors, and 1750 

plant community characteristics to changes in soil fungal communities? 1751 

4.3 Materials and methods 1752 

4.3.1 Sites, samplings and environmental factors analysis 1753 

Please see 2.1.1, 2.1.2 and 2.1.3. 1754 

4.3.2 Soil DNA extraction, PCR amplification, and 454-based sequencing 1755 

For PCR amplification, the rDNA fungal internal transcribed spacer (ITS) region was amplified 1756 

using primer pairs ITSOF-T (5’-ACTTGGTCATTTAGAGGAAGT-3’, attached with a unique 1757 

barcode)/ LR5-Tom (5’-CTACCGTAGAACCGTCTCC-3’) (Tedersoo et al., 2010). The PCR 1758 

procedure and parameter were based on Tedersoo et al. (2006). 1759 

4.3.3 Statistical analyses 1760 

Similar statistical methods were used as described 3.2.3. 1761 

4.4 Results 1762 

4.4.1 Soil fungal diversity, composition and their relationship with environmental factors 1763 

The most abundant fungal phyla were Ascomycota (84.56%), Basidiomycota (8.28%) and 1764 

Zygomycota (2.2%), while the relative abundance of Chytridiomycota, Glomeromycota and 1765 

Rozellomycota was less than 1% (Figure 4.1). The relative abundance of Glomeromycota was 1766 

the highest in shrub meadows and lowest in desert grasslands; however, the relative abundance 1767 

of Basidiomycetes and Glomus was the highest in alpine deserts (Figure 4.2). 1768 

 1769 
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 1770 

Figure 4.1 The relative abundance of main soil fungal phylum across the samples on the Tibetan 1771 

plateau. Error bars represented standard errors. 1772 

 1773 

Figure 4.2 The relative abundances of the main soil fungal phylum in different vegetation types. 1774 

Error bars represented standard errors.  1775 

4.4.2 Relationship between alpha diversity of fungal communities and biotic and abiotic 1776 

factors 1777 

The species richness of fungi was significantly positively correlated with the MAP, but 1778 

negatively correlated with pH, and also significantly correlated with several other biotic and 1779 

abiotic factors including MAP, plant biomass, plant richness, DOC, DON, NH4+-N, and NO3--1780 

N. Shannon diversity of fungi was only significantly correlated with precipitation, pH and plant 1781 
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richness (Table 4.1). According to the OLS regression model, the predictor that had the highest 1782 

explanatory for fungal species richness was pH, followed by plant richness, while the effect of 1783 

MAP was not significant in the model (Table 4.2). 1784 

  1785 
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Table 4.1 The relationship between soil fungal community diversity indices and biotic and 1786 

abiotic factors using Pearson correlation analysis (n=53). 1787 

 
Richness Shannon 

 
r P r P 

MAP 0.627 0.000** 0.360 0.009** 

MAT 0.406 0.003** 0.187 0.185 

SM 0.116 0.412 0.012 0.931 

Elevation -0.385 0.005** -0.296 0.033* 

Plant BiomassA 0.332 0.016* 0.259 0.064 

Plant BiomassB 0.283 0.042* 0.262 0.061 

Plant Richness 0.481 0.000** 0.424 0.002** 

TN 0.294 0.035* 0.147 0.299 

SOC 0.240 0.086 0.079 0.578 

AP 0.148 0.294 0.009 0.950 

C/N -0.113 0.423 -0.185 0.189 

pH -0.681 0.000** -0.446 0.001** 

DOC 0.346 0.012* 0.185 0.189 

DON 0.332 0.016* 0.250 0.074 

NH4
+-N 0.496 0.000** 0.218 0.120 

NO3
-- N 0.342 0.013* 0.161 0.253 

DIN 0.527 0.000** 0.237 0.091 

MBC 0.396 0.004** 0.142 0.314 

MBN 0.217 0.122 0.031 0.827 

Note: *P<0.05, **P<0.01. 

 1788 

  1789 
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 1790 

Table 4.2 The best ordinary least squares (OLS) multiple regression model for the effects of 1791 

environmental factors on fungal alpha diversity selected by the smallest AIC value.  1792 

Fungal richness:  df = 55; R2adj = 0.463; SEresid = 0.733; AIC =  32.5 

 
Estimate Std. Error t value Pr(>|t|) 

(Intercept) 652.14 96.66 6.75 0.00 

pH -49.01 10.91 -4.49 0.00 

MAP 0.03 0.05 0.58 0.56 

Plant Richness 4.40 1.30 3.38 0.00 

 1793 

4.4.3 Relationship between relative abundance of main fungal phylum and environmental 1794 

factors 1795 

The main phylum that had highest correlations with environmental factors was Zygomycota. 1796 

MAP was only related to the relative abundance of Ascomycota and Glomeromycota, and the 1797 

Ascomycetes was significantly associated with microbial biomass (Table 4.3). 1798 

Chytridiomycota was significantly positively correlated with MAT, SM, TN, DOC, pH and AP, 1799 

Glomeromycota was significantly negatively correlated with plant richness (Table 4.3). 1800 

 1801 

 1802 

 1803 
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Table 4.3 The relationship between relative abundance of main fungal phylum and biotic and abiotic factors using the Pearson correlation analysis 1804 

(n=53). 1805 

 Ascomycota Basidiomycota Chytridiomycota Glomeromycota Rozellomycota Zygomycota 

MAP 0.306* -0.150 -0.111 -0.360** 0.273 -0.008 

MAT 0.227 0.009 -0.433** -0.142 -0.300 -0.039 

SM 0.121 -0.244 0.499** -0.168 0.863** -0.249 

Plant BiomassA 0.126 -0.284 0.477** -0.204 0.798** -0.242 

Plant BiomassB 0.076 0.008 -0.007 -0.125 0.214 -0.135 

Plant Richness 0.031 -0.010 -0.061 -0.367** -0.001 0.273 

TN 0.272 -0.295 0.369** -0.145 0.787** -0.283 

SOC 0.300* -0.288 0.289 -0.145 0.691** -0.279 

C/N 0.034 0.017 -0.174 -0.251 -0.035 0.003 

DOC 0.168 -0.197 0.297* -0.319* 0.648 -0.264 

DON 0.156 -0.054 -0.092 -0.155 0.189 -0.043 

NH4+-N 0.204 -0.048 -0.202 -0.176 0.046 -0.053 

NO3-- N 0.232 -0.191 0.050 -0.175 0.346** -0.158 

MBC 0.370** -0.076 -0.540** -0.186 -0.406** -0.067 

MBN 0.163 -0.244 0.366 -0.171 0.753** -0.288 

pH -0.253 0.048 0.333* 0.200 -0.070 0.087 

AP 0.178 -0.283 0.470** -0.149 0.839**** -0.260 

Note: *P<0.05, **P<0.01. 

1806 
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4.4.4 Relationship between soil fungal community structure and environmental factors 1807 

The results of NMDS analysis showed that the fungal community structure of alpine meadow 1808 

and alpine shrub was similar, while the fungal community of alpine steppe, swamp meadow 1809 

and alpine desert was significantly different (Figure 4.3). Mantel analysis found that pH and 1810 

MAP had higher correlation with fungal community structure than other factors. Mantel 1811 

analysis showed that the correlation between MAP and fungal community structure was 1812 

slightly higher than pH. Soil fungal community structure also significantly but weakly 1813 

associated with MAT, plant richness, TN, TOC, DOC, NH4+-N, pH and AP.  1814 

 1815 

Figure 4.3 Nonmetric Multidimensional Scaling (NMDS) analysis for soil fungal community 1816 

composition in different vegetation types. 1817 

 1818 

 1819 

 1820 



 70 

Table 4.4 Relationships between soil fungal community structure and abiotic and biotic factors 1821 

by Mantel analysis. 1822 

4.4.5 The relative effects of environmental factors and spatial factors on fungal 1823 

community structure changes 1824 

Mantel test shows that the correlation between fungal community composition and 1825 

geographical distance was greater than environmental factors (Table 4.5 and  ). PCNM analysis 1826 

was used to decompose geographic coordinates into more detailed scale vectors, and Moran I 1827 

 Mantel 

 r P 
MAP 0.455 0.001** 

MAT 0.184 0.001** 

SM 0.122 0.067 

Plant BiomassA -0.066 0.803 

Plant BiomassB -0.092 0.899 

Plant Richness 0.112 0.039* 

TN 0.161 0.021* 

SOC 0.166 0.013* 

C/N 0.144 0.015* 

DOC 0.179 0.006** 

DON 0.070 0.139 

NH4+-N 0.241 0.001** 

NO3-- N 0.071 0.193 

DIN 0.298 0.001** 

MBC 0.269 0.001** 

MBN 0.159 0.027* 

pH 0.419 0.001** 

AP 0.128 0.047* 

Note: *P<0.05, **P<0.01. 
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analysis showed that only four eigenfunctions were positive. These four vectors were used to 1828 

establish a regression model with the fungal community, selecting these factors with a 1829 

significant effect and then incorporating them into the Variation partition. The community 1830 

structure variation was decomposed into environmental factors, spatial factors and interaction 1831 

between the two. The analysis showed that these three parts explained 6%, 4.2% and 2.1% of 1832 

the community structure variation respectively (Figure 4.4). 1833 

Table 4.5 Mantel analysis of relationship between soil fungal communities and environmental 1834 

factors and distance 1835 

 1836 

 Figure 4.4 The relative importance of environmental factors and spatial variables in 1837 

structuring soil fungal communities by variation partition analysis. The number represented 1838 

percentage (%) of variation explained. 1839 

 Mantel Partial Mantel 

 

r P r P 

Environmental factors 0.414 0.001 0.370 0.001 

Geographic distance 0.477 0.001 0.434 0.001 
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4.4.6 Pathways of structuring soil fungal alpha diversity and community structure 1840 

The SEMs explained 58% of variance found in soil fungal richness (Figure 4.5). The direct 1841 

effects of pH and plant richness were the predominant driving forces. Fungal richness was 1842 

positively and negatively affected by plant richness and soil pH. MAP indirectly affected soil 1843 

fungal richness by its influences on soil pH and plant richness.  1844 

 1845 

 1846 

Figure 4.5 SEM showing the direct and indirect effects of climate, soil and plant properties on 1847 

soil fungal richness (A) and standardized total effects (direct plus indirect effects) of predictors 1848 

(B). Numbers adjacent to arrows are path coefficients and arrow width is proportional to size 1849 

of path coefficients. Model fit statistics for model are shown next to model diagram. 1850 

Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001.  1851 

The SEMs showed that MAP and soil pH directly and indirectly affected soil fungal beta 1852 

diversity, while plant beta diversity only had direct effect soil fungal beta diversity (Figure 1853 

4.6).  The total standardized effects of MAP were higher than that of soil pH. In total, 58% of 1854 

variance of soil fungal beta diversity was explained by the SEMs.  1855 
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 1856 

Figure 4.6 SEM showing the direct and indirect effects of climate, soil and plant properties on 1857 

soil fungal beta diversity (A) and standardized total effects (direct plus indirect effects) of 1858 

predictors (B). Numbers adjacent to arrows are path coefficients and arrow width is 1859 

proportional to size of path coefficients. Model fit statistics for model are shown next to model 1860 

diagram. Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001.  1861 

4.5 Discussion 1862 

The study found that Ascomycetes were the most abundant in all samples (84.56%), followed 1863 

by Basidiomycetes and the Zygomycota. In fact, the fungal communities at the global arid 1864 

regional (including grasslands) scales were found to be dominated by Ascomycetes. (Tedersoo 1865 

et al., 2014), and also in temperate grassland of China (Chen et al., 2017). The relative 1866 

abundance of Ascomycota had a significant positive correlation with the MAP, which was 1867 

consistent with a study in the global arid ecosystem (Maestre et al., 2015), where the relative 1868 

abundance of Ascomycota was higher in the forest than in the more arid grass. This can be 1869 

explained by the dominant taxa of Ascomycota was mostly saprophytic, which breaks down 1870 

cellulose and other complex carbohydrates (McHugh & Schwartz, 2015). The relative 1871 

abundance of Cryptomycota/Rozellomycota was less than 1%, but it had tight associations with 1872 

environmental factors, and was highly correlated with water content and aboveground biomass, 1873 

probably because it was a relatively old phyla, which had a strong preference on wetter habitats 1874 
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(Gleason et al., 2012; Treseder et al., 2014). Our results showed that the relative abundance of 1875 

Glomeromycota was significantly negatively correlated with precipitation and plant species 1876 

richness. The possible reason was that in areas with higher plant diversity there were relatively 1877 

more adequate water and nutrient conditions, and thus the dependence on mycorrhizae was 1878 

lower (Bradley et al., 2006; Chen et al., 2017). 1879 

According to the regression model, the most important predictor of fungal species richness was 1880 

pH, followed by plant species richness, which was inconsistent with the results of grassland 1881 

fungi on a global scale (Prober et al., 2015). In previous study, the correlation between plant 1882 

species richness and fungal species richness was not significant, and the difference may be due 1883 

to spatial scale (Prober et al., 2015). The influences of pH on the species richness of fungi has 1884 

been reported in previous studies at various scales. The relationships might be explained by 1885 

differences in pH preferences of different functional groups. The ectomycorrhizal fungi prefer 1886 

slightly acidic to neutral environment, and the saprophytic fungi prefer acidic habitat (Tedersoo 1887 

et al., 2014). The soil pH in this study ranged from 6.66 to 8.97, while saprophytic fungi were 1888 

the most abundant ecotypes in the soil. So, alkaline habitats may limit the growth of saprophytic 1889 

fungi (Yang et al., 2017). Previous studies at the global scale showed that precipitation was the 1890 

only significant predictor for plant species richness and precipitation was the most important 1891 

explanatory variable for grassland plant species richness in China (Ma et al., 2010). This 1892 

indicated that the species diversity of plants and fungi was determined by different factors. 1893 

According to SEMs, the effect size of MAP was comparable to effects of soil pH and plant 1894 

richness. MAP mainly affected soil fungal richness through its indirect effects on soil pH and 1895 

plant richness.  1896 

This study found that environmental factors and geographic distance could independently 1897 

explain the changes in fungal community structure. According to the Mantel analysis, in 1898 

addition to the spatial factors, precipitation and pH were the most important factors for fungal 1899 



 75 

community structure. The effects of MAP on soil fungal composition were composed of direct 1900 

and indirect pathways, while soil pH only had direct effects on soil fungal community 1901 

composition. It is generally believed that the fungi can survive in a wide pH range and is not 1902 

sensitive to pH changes (Rousk et al., 2010). This difference may be due to differences in the 1903 

adaptation of the life forms of the fungus to pH changes (Tedersoo et al., 2014). Based on SEM, 1904 

plant community composition had significantly direct effects soil fungal community. The close 1905 

relationship between plant community structure and fungal community composition might be 1906 

partly caused by their coincident response to environmental factors (e.g. MAP) (Yang et al., 1907 

2010; Tang et al., 2012; Prober et al., 2015). In addition, resource preference for C and N- 1908 

related substrate of fungal groups (McGuire et al., 2010) and host specificity (P. et al., 2002; 1909 

Liesje et al., 2018) of functional guilds (e.g. mutualists, pathogens) in fungal communities 1910 

could also contributed to the coupling. In this study, fungal community structure was 1911 

significantly related to spatial factors, but the association was lower than correlation between 1912 

soil fungal community structure and environmental factors, which was consistent with regional 1913 

scale studies (Chen et al., 2017), indicating that the effects of environmental factor was higher 1914 

than that of historical factors. 1915 

4.6 Conclusions 1916 

In the hydrothermal transect, Ascomycota (84.56%) has an absolute predominance in soil 1917 

fungal communities, similar to other global arid regions. There was a significant positive 1918 

correlation between Ascomycota and MAP, while other phyla were not significantly correlated 1919 

with MAP, which may reflect the important role of Ascomycota in carbon decomposition. The 1920 

relative abundance of Glomeromycota was significantly negatively correlated with plant 1921 

diversity and MAP. It might be explained by reduced dependence of plant on mycorrhizae to 1922 

absorb nutrients. MAP had a predominant role in structuring soil fungal diversity and 1923 
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composition, through its direct effects and indirect effects on soil pH and plant community 1924 

properties. Soil fungal community diversity and composition were significantly related to soil 1925 

pH, which might be explained by differences in pH preferences of different functional groups. 1926 

Compared with environmental factors, spatial factors had lower effects, suggesting soil fungal 1927 

communities were less constrained by historical factors. 1928 

  1929 
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Chapter 5 Network analysis of soil bacterial and fungal communities in the 1930 

Tibetan alpine grasslands 1931 

5.1 Abstract 1932 

Co-occurrence network analysis which providing insight into inter-taxa interactions can 1933 

improve our understanding of soil microbial community assembly and its potential function. 1934 

Most studies of soil microbial responses to changed environmental conditions in the Tibetan 1935 

plateau focused on diversity and community structure changes. Thus, the co-occurrence 1936 

network analysis was used to study topological features of soil microbial network constructed 1937 

by integrating soil bacterial and fungal community data as described in Chapter 3 and 4. Results 1938 

showed that the observed c-occurrence networks were non-random. The soil microbial network 1939 

of alpine meadows was larger than that of alpine steppes with more nodes and edges. The co-1940 

occurrence network of alpine steppe had a higher modularity and smaller average path value. 1941 

The betweenness centrality of bacterial nodes was higher in the alpine meadows, while degree 1942 

centrality was higher in the alpine steppes. The difference might be explained by niche 1943 

differentiation caused by water-energy differences. The network topological features of alpine 1944 

meadows were mainly shaped by plant community factors, while topological features of the 1945 

alpine steppe network were mainly structured by MAP and soil moisture. The driving factors 1946 

of soil bacterial and fungal network features were also different. Soil bacterial networks were 1947 

mainly shaped by precipitation, plant community and soil factors. By contrast, fungal networks 1948 

were not associated with plant community factors, but related to climate factors and soil 1949 

properties. 1950 
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5.2 Introduction 1951 

The composition and function of microbial community are greatly impacted by interaction 1952 

between community members mediated by surrounding abiotic and biotic factors. Focusing on 1953 

certain properties of microbial communities, e.g. alpha diversity, community composition, beta 1954 

diversity, might hinder our understating of community assembly mechanism and functioning 1955 

without taking complex interactions among community members into accounting. In recent 1956 

years, co-occurrence network analysis featured with graph-theoretical approaches has been 1957 

increasingly used to study complex interactions, community assembly and keystone taxa in 1958 

microbial communities in various habitats (Barberan et al., 2012; Berry & Widder, 2014; 1959 

Banerjee et al., 2019). Insight into co-occurrence network patterns could help unveil underlying 1960 

biotic interactions, physiological preferences and habitat affinities by studying inter-taxa 1961 

associations (Layeghifard et al., 2017). Thus, network analysis can provide complement 1962 

information in addition to traditional alpha and beta diversity analysis.  1963 

In previous studies of co-occurrence patterns, soil bacterial communities were found to exhibit 1964 

non-random patterns across various terrestrial ecosystems (Barberan et al., 2012; Ma et al., 1965 

2016). In addition, co-occurrence patterns often display spatial variations. For example, soil 1966 

microbial taxa of forest ecosystem in northern China had more closely linked taxa but had 1967 

lower influences on interaction between other taxa than those in southern China (Ma et al., 1968 

2016). In Chinese semi-arid grassland, soil microbial communities in wetter habitats had more 1969 

complex interaction than those in desert (Wang et al., 2018). Network analysis has also 1970 

provided important information on changes in inter-taxa connections under climate changes 1971 

(Zhou et al., 2011; He et al., 2017; Ma et al., 2018).  1972 

Understanding changes in soil microbial community is crucial for dealing with inevitable 1973 

environmental changes for the sensitive ecosystems in the Tibetan plateau (Yue et al., 2015). 1974 

Most studies of soil microbial responses to changed environmental conditions (e.g. climate 1975 



 79 

warming and precipitation changes) in the Tibetan plateau have focused on diversity and 1976 

community structure changes (Rui et al., 2015; Li et al., 2016; Zhang et al., 2016). Although 1977 

these studies provided important aspects of vulnerable microbial communities, network 1978 

analysis could help acquire a more comprehensive understanding of community assembly and 1979 

potential function of soil microbes. In this study, we analyzed network features of soil bacterial 1980 

and fungal communities along a climate gradient. The main purposes of this study were to 1981 

answer the following questions: (1) how do soil microbial networks change with grassland 1982 

types and microbial kingdoms? (2) what are the driving factors of variation of soil microbial 1983 

networks for different grasslands and microbial groups?  1984 

5.3 Materials and methods 1985 

 Soil sampling and microbial DNA extraction, marker gene amplification of 16sRNA and ITS, 1986 

amplicon sequencing was described in 2.1.1, 2.1.2, 2.1.3, 3.2.2 and 4.2.2. In this study, only 1987 

the alpine meadow and alpine steppe samples were included for analysis with each vegetation 1988 

types having 22 samples. This is because they have comparable number of samples. Inter-taxa 1989 

interaction of soil microbial community was based on community composition data at the OTU 1990 

level derived from high-throughput sequencing. Rare OTUs with relative abundance smaller 1991 

than 0.01% in the bacterial or fungal regional meta-community were excluded from networking 1992 

analysis. Both fungal and bacterial community were included to create co-occurrence networks 1993 

based on pairwise OTU spearman correlation coefficient (ρ>0.6) and Benjamini and Hochberg 1994 

false discovery rate adjusted P value (P<0.01). Null model based on “trial-swap” algorithm 1995 

was used to examine whether observed co-occurrence patterns were random (Ju et al., 2014). 1996 

In this process, C-scores, based on number of checkerboard units, were calculated by 1997 

computing the mean number of checkerboard units among all species pairwise. We then 1998 

compared observed C-scores with those of 999 null communities and test the significance with 1999 
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a two-tailed test.  In addition, 999 Erdös-Rényi random networks with the same number nodes 2000 

and edges with observed networks were created and assessed using network-level metrics (Hu 2001 

et al., 2017). 2002 

We also created sub-networks including bacteria-bacteria, bacteria-fungi and fungi-fungi links. 2003 

The Sub-networks were created by extracting nodes and edges from global networks based on 2004 

species lists. Topological features of global networks and sub-networks were calculated at the 2005 

node and network levels using igraph package (Cs·rdi & Nepusz, 2006). Clusters represent 2006 

groups of densely associated nodes while having sparse linkages among groups.  Clusters have 2007 

an important role in network structure and even potential function of microbial communities. 2008 

Clusters in networks were identified using Markov clustering (MCL) algorithm (Layeghifard 2009 

et al., 2017). We used a link-analysis method to calculate hub score of nodes and chose top 10 2010 

nodes with the highest hub scores as the potential keystone taxa (Layeghifard et al., 2018). 2011 

Network visualization was performed by interactive software Gephi. The relationship between 2012 

topology properties of networks and environmental factors was examined at the node-level by 2013 

using a method proposed by Deng et al. (2012). Briefly, this method evaluates the correlations 2014 

between node properties and multiple OTU significance of environmental factors using mantel 2015 

test. We used the first axis of Principal component analysis to represent composite properties 2016 

of nodes.  2017 

  2018 
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Table 5.1 Parameter definitions of characterizing topologies of a network 2019 

Parameters Explanation 

Degreea The number of edges that are connected to a node 

Betweenness centralitya The number of shortest paths that pass through a 

certain node between any two nodes 

Closeness centralitya The average farness of a node to all other nodes 

Clustering coefficienta Also known as transitivity, measures the probability 

of adjacent nodes of a node are connected 

Diameterb The minimum distance between the two most distant 

nodes in the network 

Modularityb The tendency of division of a network into clusters 

Densityb The proportion of actual edges in all potential edges  

Average path lengthb The mean of shortest paths between all pairs of nodes 

Degree assortativityb Measuring the tendency of nodes connecting to other 

nodes with similar degree  

a. represents this index was measured at node and network level (mean of all nodes) 

b. represents this index was measured at network level.  

5.4 Results 2020 

5.4.1 Meta-community co-occurrence network features  2021 

The constructed meta-network consisted of 221 (73.1%) bacterial nodes and 81 (26.9%) fungal 2022 

nodes with 1970 edges. Bacterial or fungal nodes weighted equally in the network of alpine 2023 

meadow and alpine steppe. In the meta-network, the most abundant phyla were Actinobacteria 2024 

(27.84%), followed by Proteobacteria (24.5%), Ascomycota (23.84%) and Acidobacteria 2025 
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(11.26%). This is also the case in the network of alpine meadow (Figure 5.1). However, in the 2026 

alpine steppe network, the phylum having the highest relative abundance was Proteobacteria 2027 

(32.14%).  2028 

 In the meta-network based on all samples, most (79.6%) edges were positive (Figure 5.1). To 2029 

discern the differences in topological features between soil bacterial and fungal community, 2030 

sub-networks were generated including BB (bacteria-bacteria), FF (fungi-fungi) and FB (fungi-2031 

bacteria). The positive edges accounted a similar (nearly 72%) proportion in BB and FB, while 2032 

FF sub-network had a higher (79.6%) portion of positive edges. BB sub-network (75.9%) had 2033 

the highest positive edges compared to the value in the FF and FB sub-network of alpine 2034 

meadow, while the positive edges constituted the largest (100%)  proportion in FF subnetwork 2035 

of alpine steppe.   2036 

  2037 
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significantly (P<0.05) higher than expected C-scores obtained from null model communities 2050 

(Table 5.2). 2051 

 2052 

Table 5.2 Observed C-scores and null model-based C-score. Metric value for null models were 2053 

presented as mean and standard error 2054 

 2055 

In addition, network level properties based on significant association and were further 2056 

compared to the random networks. The results showed that the differences of network 2057 

properties between real network and random networks varied with vegetation types and metrics. 2058 

For example, the shortest average path length between nodes in the alpine meadow was higher 2059 

for real network (APL=3.585 edges) than that for random network (APL=3.273±0.001), while 2060 

this parameter was higher for random network (APL=5.078±0.014) that that for observed 2061 

network (APL=2.856) in the alpine steppe (Table 5.3). By contrast, the cluster coefficient was 2062 

consistently higher in the real networks and random network in all three vegetation types 2063 

(Table 5.3). 2064 

  2065 

 

Observed Null model P 

Meta-community 1555.243 1443.908±0.082 0.001 

Alpine meadow 696.3983 597.698±0.080 0.001 

Alpine steppe 63.30736 59.402±0.017 0.001 
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Table 5.3 Topological features of co-occurrence networks of observed and equally sized 2066 

random network 2067 

  edges nodes CC CCr APL APLr MD MDr 

Meta-community 1970 302 0.415 0.043±0.000 3.179 2.506±0.000 0.053 0.212±0.000 

Alpine meadow 606 214 0.402 0.026±0.000 3.585 3.273±0.001 0.146 0.348±0.000 

Alpine steppe 89 84 0.323 0.024±0.001 2.856 5.078±0.014 0.654 0.611±0.001 

Abbreviations: CC, cluster coefficient; APL, average path length; MD, modularity; DS, density; DT, 

diameter; DG, density. The subscript r represents metric value of corresponding random networks. 

5.4.2 Topological features at the network level for different vegetation types 2068 

In the whole network, the average path length was 3.179 edges between all taxa pairwise with 2069 

a network diameter of 9 edges. The network was composed of highly connected microbial taxa 2070 

with an average of 13.046 edges for each node (Table 5.4). However, a low modularity (0.053) 2071 

was found for the meta-community network. Network for the alpine meadow had a remarkably 2072 

larger number of edges and nodes than that for alpine steppe. Similarly, cluster coefficient, 2073 

average path length, network density, diameter and average degree of nodes were also higher 2074 

for the alpine meadow than that for the alpine steppe (Table 5.4). However, alpine steppe 2075 

(modularity=0.654) had a higher network modularity than that for alpine meadow 2076 

(modularity=0.146) regardless of sub-networks. The scale-free network is defined as a network 2077 

whose degree distribution follows a power law model. For a scale-free, only small portion of 2078 

network nodes have large degree, while most nodes have a small number of associations. The 2079 

meta-community network in our study had a poor fitting with power law, but both networks of 2080 

alpine meadow and alpine steppe were well fitted with the power-law model (data not shown). 2081 

  2082 
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 2083 

Table 5.4 Topological properties of soil microbial network for different grassland types. BB, 2084 

FF and FB represented edges in the network were from totally bacterial OTUs, totally fungal 2085 

OTUs, and inter fungal and bacterial OTUs.  2086 
 

Networks edges nodes CC APL MD DS DT DG 

Meta-community Meta-network 1970 302 0.415 3.179 0.053 0.043 9 13.046 

 
BB 1390 213 0.463 2.984 0.012 0.062 7 13.052 

 
FF 196 72 0.481 3.019 0.154 0.077 8 5.444 

 
FB 384 184 0.000 4.029 0.037 0.023 11 4.174 

Alpine meadow Meta-network 606 214 0.402 3.585 0.146 0.027 10 5.664 

 
BB 344 148 0.427 3.657 0.166 0.032 11 4.649 

 
FF 62 42 0.363 2.699 0.238 0.072 6 2.952 

 
FB 200 100 0.000 3.559 0.116 0.040 9 4.000 

Alpine steppe Meta-network 89 84 0.323 2.856 0.654 0.026 7 2.119 

 
BB 62 55 0.290 2.977 0.347 0.042 7 2.255 

 
FF 20 19 0.512 1.590 0.590 0.117 3 2.105 

 
FB 7 13 0.000 1.125 0.082 0.090 2 1.077 

Abbreviations: CC, cluster coefficient; APL, average path length; MD, modularity; DS, density; DT, diameter; 

DG, density. The subscript r represents metric value of corresponding random networks. 

 2087 

5.4.3 Topological features at the node level for different vegetation types 2088 

Three topological indices were used to measure node level features of network including 2089 

betweenness centrality, degree centrality and closeness centrality. Betweenness centrality 2090 

quantifies the role of a node bridging components in networks and high betweenness centrality 2091 

suggests a central position in the network for a node. The results showed that OTUs associated 2092 

with the alpine meadow had significantly higher betweenness centrality score for all taxa or 2093 

any microbial kingdom (i.e. bacteria and fungi) (Table 5.5). Degrees of total OTUs related to 2094 
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alpine meadow was significantly higher than that associated with alpine steppe. This trend also 2095 

applied to fungal taxa when comparing differences in degrees between the two vegetation types. 2096 

However, bacterial OTUs associated with alpine steppes had significantly higher degrees 2097 

compared with that for alpine meadows. For node properties differences between different 2098 

kingdoms, bacterial OTUs had significantly higher betweenness and degree centrality than 2099 

fungal OTUs regardless of vegetation types.  2100 

Table 5.5 Bacterial and fungal Node properties of co-occurrence networks of different 2101 

grassland types. 2102 

  Microbial taxa Betweenness Degree Closeness 

Meta-community all taxa 300.394 13.046 0.000 

  Bacteria 325.295 14.317 0.000 

  fungi 232.454 9.580 0.000 

Alpine meadow all taxa 132.266 5.664 0.000 

  Bacteria 149.611 5.692 0.000 

  fungi 85.614 5.586 0.000 

Alpine steppe all taxa 11.952 2.119 0.000 

  Bacteria 15.883 14.317 0.000 

  fungi 2.125 1.958 0.000 

 2103 

Potential keystone species were identified with hub scores of nodes. We selected the top 10 2104 

taxa having the highest scores as potential keystone species (see Table 5.6). In the meta-2105 

network, the potential keystone species were affiliated to 6 phyla, i.e. Proteobacteria (6 OTUs), 2106 

Acidobacteria (2 OTUs), Chloroflexi (1 OTU) and Ascomycota (1 OTU). Rhizobiales (4 OTUs) 2107 

was the dominant order with two orders, i.e. Helotiales and A21b each having 1 OTU.  The 2108 

potential keystone species were different between the two grasslands. The keystone taxa of 2109 

alpine meadow were comprised of order Rhodospirillales, Syntrophobacterales, NB1-j, 2110 

Entotheonellales, Xanthomonadales and Nitrospirales associated with Proteobacteria, 2111 
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Ascomycota, Nitrospirae and Acidobacteria. By contrast, all keystone taxa of alpine steppe 2112 

network belonged to bacterial kingdom including order Rhizobiales, Rhodospirillales, 2113 

Solirubrobacterales, Solibacterales, Gaiellales and 0319-7L14 related to phyla Proteobacteria, 2114 

Actinobacteria and Acidobacteria. 2115 

 2116 

 2117 

 2118 
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Table 5.6 Keystone microbial taxa of co-occurrence networks in different alpine grasslands based on hub scores of nodes by using a link-analysis 2119 

method. 2120 

 
Taxa Kingdom Phylum Class Order Family Genus 

Meta-network B_OTU14812 Bacteria  Proteobacteria  Alphaproteobacteria  Rhodospirillales  Rhodospirillaceae   

 
B_OTU1957 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Hyphomicrobiaceae  Rhodoplanes 

 
B_OTU42073 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Bradyrhizobiaceae 

 

Bradyrhizobium 

 
B_OTU21272 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Hyphomicrobiaceae   

 
B_OTU31903 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Phyllobacteriaceae   

 
F_OTU4278 Fungi  Ascomycota  Leotiomycetes  Helotiales 

 

Helotiales_fam_Incertae_sedis  Cadophora 

 
B_OTU24007 Bacteria  Proteobacteria  Betaproteobacteria  A21b  EB1003   

 
B_OTU10725 Bacteria  Chloroflexi  Ellin6529       

 
B_OTU7866 Bacteria  Acidobacteria         

Alpine meadow B_OTU37947 Bacteria  Acidobacteria  Chloracidobacteria       

 
B_OTU40293 Bacteria  Proteobacteria  Alphaproteobacteria  Rhodospirillales     

 
B_OTU20092 Bacteria  Proteobacteria  Deltaproteobacteria  Syntrophobacterales  Syntrophobacteraceae   

 
B_OTU8701 Bacteria  Proteobacteria  Deltaproteobacteria  NB1-j unknown unknown 

 
B_OTU32626 Bacteria  Proteobacteria  Deltaproteobacteria  [Entotheonellales]  [Entotheonellaceae]   

 
B_OTU33491 Bacteria  Proteobacteria 

 

Gammaproteobacteria  Xanthomonadales  Xanthomonadaceae  Thermomonas 

 
B_OTU42369 Bacteria  Proteobacteria 

 

Gammaproteobacteria  Xanthomonadales  Sinobacteraceae   

 
B_OTU21618 Bacteria  Nitrospirae  Nitrospira  Nitrospirales     



 90 

 
F_OTU11550 Fungi  Ascomycota  unidentified  unidentified  unidentified  unidentified 

 
F_OTU3395 Fungi  Ascomycota  Leotiomycetes  unidentified  unidentified  unidentified 

 
B_OTU23874 Bacteria  Acidobacteria  Chloracidobacteria       

Alpine steppe B_OTU1957 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Hyphomicrobiaceae  Rhodoplanes 

 
B_OTU42073 Bacteria  Proteobacteria  Alphaproteobacteria  Rhizobiales  Bradyrhizobiaceae 

 

Bradyrhizobium 

 
B_OTU14812 Bacteria  Proteobacteria  Alphaproteobacteria  Rhodospirillales  Rhodospirillaceae   

 
B_OTU37647 Bacteria  Actinobacteria  MB-A2-108  0319-7L14     

 
B_OTU42106 Bacteria  Actinobacteria  Thermoleophilia  Solirubrobacterales     

 
B_OTU28913 Bacteria  Actinobacteria  Thermoleophilia  Gaiellales  Gaiellaceae   

 
B_OTU41362 Bacteria  Actinobacteria  Thermoleophilia  Solirubrobacterales  Patulibacteraceae   

 
B_OTU7866 Bacteria  Acidobacteria         

 
B_OTU37947 Bacteria  Acidobacteria  Chloracidobacteria       

 
B_OTU1331 Bacteria  Acidobacteria  Solibacteres  Solibacterales  Solibacteraceae 

 Candidatus 

Solibacter 

Note: The capital letters before OTU names represent the kingdom that an OTU belongs to. 

 2121 

 2122 
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 2123 

5.4.4 The impact factors of network topological properties 2124 

For meta-network topological properties, we found topological features of meta-community 2125 

were significantly related to almost all environmental factors except for MAT and soil C/N, in 2126 

which MAP had the highest correlation with topological properties (Table 5.7). Topological 2127 

properties of alpine meadow and alpine steppe had very different driving environmental factors. 2128 

For example, plant community properties including biomass and richness were significantly 2129 

related to whole network topological features in the alpine meadow but not in the alpine steppe. 2130 

However, meta-network properties of alpine steppe were significant related to climate factors 2131 

(e.g MAP), while this was not the case in the alpine steppe. For BB sub-network of meta-2132 

community, topological features were also found to have close relationship with most of 2133 

environmental factors except for MAT, C/N and DON. Thus, BB sub-network of alpine 2134 

meadow had similar significant impact factors with its whole network. By contrast, only soil 2135 

NO3- was significantly related to topological features of BB sub-network for alpine steppe. The 2136 

FF sub-network properties for meta-community were significantly related to climate factors 2137 

(MAP) and some soil factors (e.g soil SM, TOC, TN and pH) but not to any plant community 2138 

factor.  For alpine meadows, only elevation and soil C/N were significantly related with 2139 

topological properties of FF sub-network. All measured environmental factors were not 2140 

significantly related with FF sub-network of alpine steppe. The FB sub-network of meta-2141 

community was significantly related to MAP, plant biomass and soil NO3-. Soil TN, AP and 2142 

DOC were significantly related to FB sub-network of alpine steppe. However, no significant 2143 

correlation was found between FB sub-network of alpine meadow with any environmental 2144 

factors.  2145 

 2146 
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 2147 

Table 5.7 The correlations between network properties and abiotic and biotic factors by Mantel test. 2148 

   MAP MAT SM TOC TN C/N AP pH 

Plant.

Richne

ss 

Bioma

ssA 

Bioma

ssB 
NH4+ NO3- DIN DOC DON 

all all 

taxa 

statistic 0.347 -0.043 0.256 0.125 0.198 -0.034 0.159 0.162 0.156 0.176 0.158 0.238 0.191 0.286 0.169 0.091 

  
p value 0.001 0.877 0.001 0.012 0.001 0.842 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.015 

 
BB statistic 0.335 -0.057 0.233 0.082 0.175 -0.018 0.127 0.119 0.128 0.184 0.166 0.231 0.171 0.269 0.186 0.055 

  
p value 0.001 0.939 0.001 0.042 0.001 0.639 0.017 0.005 0.001 0.001 0.003 0.001 0.003 0.001 0.001 0.107 

 
FF statistic 0.172 -0.058 0.164 0.205 0.228 -0.027 0.049 0.112 0.020 0.095 0.110 0.156 0.162 0.173 0.029 0.072 

  
p value 0.005 0.786 0.031 0.007 0.004 0.639 0.205 0.049 0.317 0.099 0.063 0.025 0.017 0.023 0.293 0.130 

 
FB statistic 0.103 -0.022 0.049 0.036 0.050 0.047 0.028 0.023 0.050 0.193 0.290 0.013 0.147 0.080 -0.026 0.031 

  
p value 0.029 0.599 0.134 0.193 0.117 0.142 0.198 0.259 0.118 0.017 0.001 0.328 0.023 0.052 0.697 0.209 

Meadow all 

taxa 

statistic 0.012 -0.016 -

0.008 

-

0.050 

0.054 0.095 -0.034 -0.020 0.123 0.264 0.071 0.042 0.053 0.075 0.083 0.012 

  
p value 0.331 0.602 0.518 0.923 0.094 0.020 0.806 0.691 0.001 0.001 0.064 0.129 0.099 0.051 0.027 0.301 

 
BB statistic 0.025 -0.044 -

0.005 

-

0.057 

0.105 0.130 -0.042 0.001 0.156 0.329 0.084 0.044 0.105 0.092 0.092 0.021 

  
p value 0.227 0.840 0.497 0.908 0.025 0.010 0.795 0.431 0.001 0.001 0.071 0.152 0.044 0.025 0.023 0.276 

 
FF statistic -0.082 -0.006 -

0.091 

-

0.075 

-

0.051 

0.183 -0.065 -0.015 -0.065 0.298 0.147 -0.030 0.015 0.016 0.050 0.087 

  
p value 0.911 0.401 0.929 0.846 0.715 0.010 0.767 0.460 0.774 0.011 0.082 0.576 0.351 0.340 0.257 0.152 
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 2150 

 2151 

 
FB statistic -0.068 -0.033 -

0.087 

-

0.028 

-

0.098 

-0.028 -0.066 0.032 -0.047 0.002 -0.055 -0.066 -0.051 -0.072 -0.055 0.070 

  
p value 0.942 0.701 0.982 0.642 0.991 0.685 0.919 0.264 0.857 0.444 0.837 0.905 0.775 0.911 0.839 0.119 

steppe all 

taxa 

statistic 0.201 -0.026 0.162 0.108 0.128 0.029 0.175 0.044 -0.022 -0.014 -0.022 0.155 0.081 0.153 0.148 0.101 

  
p value 0.005 0.610 0.022 0.061 0.048 0.283 0.014 0.210 0.600 0.505 0.547 0.027 0.132 0.026 0.023 0.073 

 
BB statistic 0.093 -0.023 0.040 0.029 0.104 0.051 0.093 -0.007 -0.058 -0.028 -0.022 0.067 0.152 0.113 0.048 0.154 

  
p value 0.096 0.581 0.199 0.262 0.089 0.209 0.075 0.425 0.801 0.562 0.516 0.147 0.048 0.091 0.202 0.054 

 
FF statistic 0.010 0.009 0.010 0.013 -

0.063 

-0.011 0.086 0.009 0.092 -0.143 -0.120 0.014 -0.073 0.022 -0.112 -0.108 

  
p value 0.319 0.373 0.243 0.289 0.538 0.395 0.191 0.393 0.243 0.881 0.725 0.301 0.524 0.334 0.721 0.805 

 
FB statistic -0.136 -0.123 -

0.107 

0.602 0.277 -0.141 0.848 0.533 -0.058 -0.069 -0.124 0.374 -0.076 0.222 0.717 -0.103 

  
p value 0.832 0.702 0.650 0.039 0.109 0.993 0.027 0.075 0.407 0.414 0.672 0.110 0.367 0.137 0.016 0.884 

The boldface represents P<0.05 
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5.5 Discussion 2152 

A number of works have studied the biogeographical patterns of soil microbes at different 2153 

scales, focusing on the diversity and community composition (Bahram et al., 2018; Wang et 2154 

al., 2018; Zhang et al., 2019). However, there is an increasing interest in applying network 2155 

analysis to understanding community assembly mechanisms of soil microbes because it can 2156 

provide value insight into inter-taxa interactions and keystone species (Layeghifard et al., 2157 

2017). In this study, by using co-occurrence network analysis method, we investigated the 2158 

spatial patterns of soil bacterial and fungal networks in the Tibetan grassland. Results showed 2159 

the observed co-occurrence patterns of soil microbes were found to be largely non-random by 2160 

comparing with null model and random network. This finding was consistent with research on 2161 

continent-scale network of soil bacteria in America (Barberan et al., 2012) and soil bacterial 2162 

and fungal networks of Chinese eastern forest  ecosystems (Ma et al., 2016), suggesting import 2163 

aspects of soil microbial community assembly can potentially be revealed by analyzing co-2164 

occurrence patterns.  2165 

5.5.1 Network structure and topology of soil microbial communities in different 2166 

grasslands 2167 

Our results showed that soil microbial meta-network (including bacterial and fungal taxa) of 2168 

alpine meadow had considerably higher number of nodes and edges. In addition, the meta-2169 

network of alpine meadow was more clustered and connected compared to microbial network 2170 

of alpine steppe.  The smaller number of nodes and edges in microbial meta-network of alpine 2171 

steppe indicated that there were more isolated microbial taxa. Soil water, nutrient and organic 2172 

carbon substrate were more available in the alpine meadow (Yan et al., 2013). Thus, alpine 2173 

meadow was able to support higher abundance of soil microbes to allow more changes for 2174 

microbial species to affect others. In addition, we found Proteobacteria, Actinobacteria and 2175 
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Ascomycota were the dominant phyla in the meta-network, which was complied with the study 2176 

of soil microbial networks of Chinese temperate grassland (Wang et al., 2018). A recent study 2177 

showed abundant microbial species had a higher speciation and evolution rate, which may 2178 

enable them have higher environmental adaptive capability to interact with each other 2179 

(Sriswasdi et al., 2017).   2180 

Although microbial network size of alpine steppe was smaller, its modularity value was higher 2181 

than that for alpine meadow. Modules are clusters of taxa having more tight association 2182 

between members inside cluster than outside (Newman, 2006). Mechanisms including 2183 

environmental heterogeneity, divergent evolution and phylogenetic clustering might lead to 2184 

modules formation (Olesen et al., 2007). Lower hydrothermal condition might generate more 2185 

heterogeneous habitats in alpine steppe, thereby leading to more clusters of taxa with distinct 2186 

niches. Low connectivity and high modularity were recognized as features of high network 2187 

stability (de Vries et al., 2018). Therefore, it is possible that the microbial network structure of 2188 

alpine steppe would be more stable under future environmental changes. Short average path 2189 

length is normally regarded as characteristics of small-world networks (Zhou et al., 2011; 2190 

Zhang et al., 2018).  We found that networks of alpine meadows had smaller average path 2191 

length value, adding the indicative evidence that soil microbial communities of alpine meadow 2192 

might be more vulnerable to environmental interferences.  2193 

Bacterial networks (BB) was larger (diameter) and more complex (higher number of edges and 2194 

lower density) than fungal networks (FF) for both grassland types. However, fungal networks 2195 

were found to have larger modularity, but smaller inter-taxa connectivity compared with 2196 

bacterial networks. The differences in topological features between fungal and bacterial were 2197 

consistent with de Vries et al. (2018) showing that soil fungal co-occurrence networks having 2198 

these characteristics remained largely stable under the drought treatment, while bacterial 2199 

networks were sensitive to disturbances. 2200 
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Betweenness centrality describes the role of a node for association of other nodes and can act 2201 

as a proxy of positions relative to others in networks. By contrast, degree centrality measures 2202 

more local associations as only considering immediate links. We found that bacterial and 2203 

fungal node topological properties varied in different manners with grassland types. 2204 

Betweenness and degree centrality of fungal nodes were both higher in alpine meadows 2205 

compared to values in alpine steppe. However, although betweenness centrality of bacterial 2206 

nodes was higher in alpine meadows, degree centrality was higher in alpine steppes. The 2207 

different spatial patterns of bacterial betweenness and degree were consistent with a study of 2208 

soil microbial network of Chinese eastern forest showing that soil microbes from northern 2209 

regions had higher degrees and lower betweenness centrality (Ma et al., 2018).  Again, spatial 2210 

patterns of soil bacterial node properties in the meta-networks might be explained by niche 2211 

differentiation caused by water-energy differences in different grasslands (Ma et al., 2016; Li 2212 

et al., 2020). 2213 

5.5.2 The impact factors of topological features of microbial network structure 2214 

Across the vegetation types, the meta-network (integrating bacterial and fungal taxa) structure 2215 

was mostly related to MAP. Other factors including plant community factors and soil properties 2216 

were also significantly associated with the meta-network structure. Precipitation variation was 2217 

also identified as dominant factors shaping soil bacterial network in the northern China 2218 

grasslands (Wang et al., 2018). By contrast, soil factors such as organic carbon and iron were 2219 

more important than climate factors for microbial network structure in eastern China forests 2220 

(Ma et al., 2018). Bacterial networks along the transect had similar driving factors with the 2221 

entire network, which can be explained by dominant contribution of bacterial taxa to the whole 2222 

network. By contrast, fungal networks were not associated with plant community factors, but 2223 

related to climate factors and soil properties. Soil fungal diversity and community composition 2224 

were found to have close relationship with plant community diversity and  structure in 2225 
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grassland ecosystems (Chen et al., 2017; Yang et al., 2017). In Chapter 4, we also found the 2226 

plant factors were among the most important factors structuring soil fungal communities. These 2227 

results indicated that fungal community structure and network structure might have different 2228 

driving factors.  2229 

In the study, we found the impact factors of networks differed between different vegetations. 2230 

MAP and soil moisture were the significant impact factors for alpine steppe network but not 2231 

for alpine meadow. Rather, the network of alpine meadow was strongly associated with plant 2232 

factors including biomass and diversity. This might be explained by mitigated water stress and 2233 

the limitation of substrate diffusion for plant growth by higher precipitation in alpine meadow; 2234 

plant community properties in turn became the constraining factors affecting microbial co-2235 

occurrence networks (Classen et al., 2015; Jiang et al., 2020). Nutrient and water were more 2236 

limited in alpine steppe. Consequently, these factors were found to significantly shape the co-2237 

occurrence microbial  network of  alpine steppe (Wang et al., 2018). 2238 

5.6 Conclusions 2239 

In our study, the observed co-occurrence patterns of soil microbes were found to be largely 2240 

non-random. Microbial network size of alpine steppe was smaller than that of alpine meadow, 2241 

while alpine steppe had a higher modularity value. In addition, networks of alpine steppe had 2242 

larger average path length value. Therefore, we speculate that soil microbial communities of 2243 

alpine steppe might be more stable facing environmental interferences. Fungal networks were 2244 

found to have larger modularity, but smaller inter-nodes connectivity between taxa compared 2245 

with bacterial networks. Although betweenness centrality of bacterial nodes was higher in 2246 

alpine meadows, degree centrality was higher in alpine steppes. This might be explained by 2247 

niche differentiation driven by water-energy differences in different grasslands. The regional 2248 

meta-network (integrating bacterial and fungal taxa) structure was mostly related to MAP. 2249 
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However, impact factors of networks differed between different vegetations. MAP and soil 2250 

moisture were the significant impact factors for alpine steppe network but not for alpine 2251 

meadow. Rather, the network of alpine meadow was strongly associated with plant factors 2252 

including biomass and diversity. Besides, fungal networks were not associated with plant 2253 

community factors, but related to climate factors and soil properties, suggesting fungal network 2254 

having different drivers with fungal community diversity and structure.  2255 

 2256 

 2257 

 2258 

 2259 

 2260 
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Chapter 6 The effects of warming and grazing effects on the functional 2261 
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6.1 Abstract 2282 

Grazing intensity and global warming are expected to increase in the forthcoming decades, 2283 

with uncertain consequences for their interaction on grassland ecosystems and their functions. 2284 

We investigated the effects of warming, grazing and their interaction in a factorial warming 2285 

(+1.2–1.7 °C) and grazing (moderate intensity with ca. 50% vegetation consumption) 2286 

experiment in a Tibetan alpine meadow on microbial communities by studying functional 2287 

genes involved in soil carbon and nitrogen cycles, using GeoChip technology. Our results 2288 

showed that microbial functional gene structure and abundances were largely affected by the 2289 

interactive effect of grazing and warming, rather than the main effect of warming or grazing. 2290 

Compared to the control, grazing alone significantly increased the functional gene alpha 2291 

diversity, changed the overall functional community structure, and increased the abundances 2292 

of C fixation, C degradation, N mineralization and denitrification genes, likely due to the 2293 

stimulating impact of urine and dung deposition. Warming alone did not change these 2294 

microbial properties, possibly related to the unchanged soil nutrient status. Despite an increase 2295 

in soil NO3- concentrations and the deposition of urine and dung, the combined treatment did 2296 

not change functional gene alpha diversity, community structure, or C/N cycling gene 2297 

abundances, possibly resulting from the limiting effect of water depletion in the combined 2298 

treatment. Our study revealed antagonistic interactions between warming and grazing on 2299 

microbial functional gene structure and abundances, which remained stable under the moderate 2300 

intensity of grazing in future warming scenario in the Tibetan alpine meadow, raising 2301 

potentially important implications for predicting future soil carbon and nitrogen processes in 2302 

these systems. 2303 
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6.2 Introduction  2304 

According to a global meta-analysis, the grazing effect on soil carbon (C) and nitrogen (N) 2305 

pools depends on its intensity in grassland ecosystems: low grazing intensity tends to increase 2306 

soil C and N pools, while high grazing intensity has opposite effects (Yan et al., 2013; Zhou et 2307 

al., 2017), though definitions of “low” and “high” intensities are not uniform in the literature. 2308 

With respect to microbial functional genes involved in N cycling, which have important 2309 

implications for soil biogeochemical processes, free grazing was found to increase abundances 2310 

of N mineralization and nitrification genes, but decrease denitrification gene abundance in an 2311 

alpine meadow (Yang et al., 2013). In two semi-arid grasslands, significantly decreased 2312 

ammonia-oxidizing and denitrifying genes were observed under moderate grazing (Ding et al., 2313 

2015). In relation to microbial functional genes involved in C cycling, they have been found to 2314 

be significantly reduced by severe grazing in an alpine meadow, including those involved in C 2315 

degradation and fixation, and CH4 cycling (Yang et al., 2013; Wang et al., 2016). 2316 

Climate warming has been found to regulate soil C and N pools in grassland ecosystems by 2317 

changing soil C and N inputs as well as increasing litter decomposition and soil respiration (Lu 2318 

et al., 2013). It was reported that warming could affect the quality and quantity of soil C and N 2319 

inputs via increasing plant biomass and shifting plant community composition (Bardgett et al., 2320 

2008; Classen et al., 2015), e.g. increasing non-leguminous forb biomass (Lin et al., 2010) and 2321 

the ratio of C4 to C3 grass biomass (Epstein et al., 2002; Morgan et al., 2011). Soil microbial 2322 

communities could be affected either by these soil substrate changes mediated by plant 2323 

communities or the direct warming impacts through soil temperature and moisture alterations 2324 

(Bardgett et al., 2008; Classen et al., 2015). Changes in microbial functional genes were 2325 

observed under warming (Trivedi et al., 2016; Cheng et al., 2017). For example, warming 2326 

significantly increased abundances of amoA and nosZ and changed community structure of 2327 

nirK lineages in an upland grassland, which were closely related to N2O emissions (Cantarel 2328 
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et al., 2012). In addition, stimulation of genes for decomposing labile C but not recalcitrant C 2329 

was observed as a crucial microbially-mediated mechanism for maintaining soil C stability 2330 

under warming in a tall-grass prairie ecosystem (Zhou et al., 2011). 2331 

Strong interactions between grazing and warming have been observed for important ecosystem 2332 

processes and properties (Li et al., 2018). For example, though grazing amplified responses of 2333 

air and soil temperatures to warming (Klein et al., 2005), it mitigated the warming impacts on 2334 

plant community productivity and composition through defoliation in an alpine grassland 2335 

ecosystem (Klein et al., 2007; Post & Pedersen, 2008). On the other hand, warming offset 2336 

grazing effects on plant communities through increasing plant height, aboveground biomass 2337 

and vegetation living state, but decreasing plant diversity in alpine grasslands (Zhang et al., 2338 

2015). However, little information is available on interactive effects of warming and grazing 2339 

on functional structure of soil microbial community in grasslands (Li et al., 2016). Functional 2340 

structure of soil microbial community is critical for assessing ecosystem functioning changes 2341 

given their key roles in driving soil biogeochemical processes, especially those involved in soil 2342 

C and N cycling (He et al., 2010; Zhou et al., 2011). 2343 

The Tibetan Plateau is the largest geo-morphological unit in the Eurasian continent and is 2344 

among the most sensitive eco-regions to climate changes and anthropogenic disturbances 2345 

(Wang et al., 2009; IPCC, 2013). Air temperature increase in the Tibetan Plateau is 2346 

significantly faster than the global average (Wang et al., 2008). Alpine grasslands of Tibetan 2347 

Plateau cover an area of about 2.5 million km2, with 40% of land being alpine meadows (Cao 2348 

et al., 2004). Alpine meadows contribute considerably to global soil C and N pools and almost 2349 

all alpine meadows are used for grazing in Tibetan Plateau (Wen et al., 2013; Li et al., 2014). 2350 

At the Haibei Alpine Meadow Ecosystem Research Station in northeastern Qinghai-Tibetan 2351 

Plateau, an experimental facility was established in 2006 to study the impacts of grazing and 2352 

climate warming on the alpine meadow ecosystems. The facility includes controlled 2353 
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asymmetrical warming (warmed 1.2 °C at daytime; 1.7 °C at nighttime) and grazing (moderate 2354 

intensity with ca. 50% vegetation consumption) at the field scale (Kimball et al., 2008; Luo et 2355 

al., 2010). In this field, previous studies have found that warming offset the negative effects of 2356 

grazing on plant communities through increasing aboveground net primary productivity (Wang 2357 

et al., 2012), enlarging labile C/N pools (Rui et al., 2011), and accelerating litter decomposition 2358 

(Luo et al., 2010), though below microbial mechanisms are still unclear. Here, we focus on 2359 

grazing, warming and their interactive effects on soil microbial functional genes in the alpine 2360 

meadow to test hypotheses: (1) warming enhances soil substrates through increasing plant 2361 

growth, and thus stimulates corresponding function genes involved in C degradation and N 2362 

cycling from soil microbial community; (2) grazing decreases soil substrates through animal 2363 

grazing behaviour, and thus inhibits corresponding function genes involved in C degradation 2364 

and N cycling from soil microbial community; (3) warming counteracts effects of grazing on 2365 

microbial functional genes involved in C degradation and N cycling. 2366 

6.3 Materials and methods 2367 

6.3.1 Experimental facilities, samplings and environmental factors analysis 2368 

Please see 2.2.1 and 2.2.2  2369 

6.3.2 DNA extraction and purification 2370 

Genomic DNA was extracted from 0.5 g subsample using the FastDNA Spin kit (MP 2371 

Biomedicals, Solon, OH, USA) following the manufacturer’s instructions. The 30 μlextracted 2372 

DNA was further purified as described by (Yang et al., 2013). The quality of purified DNA 2373 

was assessed by ratios of A260/280 and A260/230 using a ND-1000 Spectrophotometer (NanoDrop 2374 

Technologies Inc., Wilmington, DE, USA), and total microbial DNA concentrations were 2375 
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measured by using Qubit quantification platform with Quant-iT™ dsDNA HS Assay Kit 2376 

(Invitrogen, Carlsbad, CA, USA).  2377 

6.3.3 GeoChip analysis 2378 

GeoChip analysis was performed according to procedure described previously by (Yang et al., 2379 

2013). Briefly, the purified DNA was labelled with fluorescent dye Cy5 using random primers. 2380 

The labelled DNA was purified with a QIAquick PCR purification kit (Qiagen, Valencia, CA, 2381 

USA), and further dried in a SpeedVac (DNA Speedvac, Model DNA 100, Savant) at 45oC for 2382 

45 min. The dried DNA was suspended in hybridization buffer. Hybridization reaction was 2383 

conducted on a MAUI Hybridization Station (BioMicro Systems, Salt Lake City, UT, USA) at 2384 

42oC for 12 hrs. After hybridization, microarrays were scanned by a Scan Array Express 2385 

microarray scanner (PerkinElmer, Boston, MA, USA) using a laser power of 90% and a 2386 

photomultiplier tube gain of 75%. The signal intensity of every spot was measured through 2387 

analysing images with ImaGene 6.0 (Biodiscovery, EI Segundo, CA, USA). Spots flagged by 2388 

ImaGene or having signal-to-noise ratio (SNR=signal mean-background mean/ background 2389 

standard deviation) < 2 were removed because of their poor quality. A gene was recognized 2390 

positive providing that it was detected in at least two of four replicates. Signal intensities of all 2391 

the genes were normalized by a relative abundance method and natural logarithmic 2392 

transformation subsequently. 2393 

6.3.4 Statistical analyses 2394 

Two-way analysis of variance (ANOVA) was used to examine main and interactive effects of 2395 

warming and grazing on the gene diversity and relative abundances. Differences among 2396 

treatment combinations were performed by Turkey- adjusted least-square means for multiple 2397 

comparisons. The directions of the significant interaction were classified as antagonistic or 2398 

synergistic based on individual effects and 95% confidence intervals of effect sizes of 2399 
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interaction calculated by Hedges’ d (Gurevitch et al., 2000; Crain et al., 2008). Permutation 2400 

Multivariate Analysis of Variance (Adonis) based on Bray-Curtis distance matrices was used 2401 

to test treatment effects on multivariate functional community compositions with 999 times 2402 

permutation, in which the statistical significance was done using F-tests. Nonmetric 2403 

multidimensional scaling (NMDS) was performed to visualize the multivariate changes in 2404 

overall functional community composition using Bray-Curtis distance. Redundancy analysis 2405 

(RDA), a constrained ordination technique, was performed to explore the relationship between 2406 

microbial community and biotic and abiotic exploratory variables. The predictors were selected 2407 

by using manual forward selection with 999 Monte Carlo permutation (P<0.05) and variance 2408 

inflation (VIF<25).  2409 

RDA were performed using Canoco 4.5 for Windows (Biometris, Wageningen, Netherlands) 2410 

(Lepš & Šmilauer, 2003). Alpha diversity indices of microbial functional communities, 2411 

including richness, Shannon index (H) and Simpson index (1/D) (Valentini et al., 2009; 2412 

Haegeman et al., 2013), NMDS and Adonis analysis were performed using R statistical 2413 

program (R Development Core Team) running packages including vegan and lsmeans. All 2414 

significant differences were judged by P < 0.05, unless otherwise stated. 2415 

6.4 Results 2416 

6.4.1 Effects of warming and grazing on overall soil functional microbial diversity 2417 

A total of 3,296 detected genes distributed in 224 functional gene families were derived by 2418 

GeoChip 3.0 and used to assess soil functional microbial diversity. Alpha diversity indices 2419 

including richness, Shannon index (H) and inverse Simpson index (1/D) were not affected by 2420 

the main effect of warming or grazing, but there were significantly antagonistic interactions 2421 

between warming and grazing for all these variables (Figure 6.1). Compared to the control, 2422 

grazing alone without warming had significantly higher gene richness and inverse Simpson 2423 
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index (1/D), which were not changed when grazing was combined with warming. Warming 2424 

alone did not differ from the control on these diversity indices. The evenness of functional 2425 

community was not significantly affected by the main effect of warming, grazing and their 2426 

interaction, or any treatments (data not shown). 2427 

 2428 

Figure 6.1 Functional gene diversity indices under treatments of grazing alone (G), warming 2429 

alone (W), warming combined with grazing (WG), and the control (C). Error bars represented 2430 

standard errors (n=4). P values for main and interactive effects were based on Two-way 2431 

ANOVA for each diversity index. Different letters above the bars indicated significant 2432 

differences among treatments (P<0.05), determined by post-hoc lsmeans test following Two-2433 

way ANOVA. 2434 

6.4.2 Effects of warming and grazing on the functional microbial community structure 2435 

Pairwise comparisons for the overlapped genes showed that the control shared 62.3% to 68.3% 2436 

functional genes with grazing alone and warming alone treatments. NMDS analysis based on 2437 

functional gene compositions in Figure 6.2 illustrates that samples in grazing alone were 2438 
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clearly separated from those in the control, while samples in warming alone or combined with 2439 

grazing treatments could not be separated from control samples completely. 2440 

 2441 

Figure 6.2 Nonmetric Multidimensional Scaling (NMDS) profile for functional community 2442 

composition of soil microorganisms based on Bray-Curtis dissimilarity index. Only samples of 2443 

grazing alone treatment (G) were separated clearly from those of controls, while samples of 2444 

other treatments did not separate completely from controls. 2445 

Consistently, as shown in Table 6.1, pairwise comparisons of community structure 2446 

dissimilarity by the Adonis test based on Bray-Curtis revealed that there was a significant 2447 

(P=0.046) difference between grazing alone and control, but not between warming alone and 2448 

control (P=0.058) or between the combined treatment and control (P=0.676). Adonis results 2449 

also showed that there was a significant (P=0.004) interaction between warming and grazing 2450 

on overall functional community structure (Table 6.1), while no significant main effect of 2451 

warming or grazing was detected. 2452 

  2453 
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Table 6.1 Main effects of warming, grazing and their interaction on functional gene structure 2454 

of soil microbial communities by two-way permutational multivariate analysis of variance 2455 

(Adonis) and pairwise comparisons between treatments by one-way Adonis test, based on 2456 

Bray-Curtis index. **P<0.05, *P<0.1 2457 

  R2 F-value P-value 

Main and 

interactive effects 

Warming 0.067 0.987 0.454 

Grazing 0.066 0.989 0.386 

Warming × Grazing 0.146 0.178 0.004** 

Pairwise comparison C vs. G 0.252 2.496 0.046** 

C vs. W 0.265 2.393 0.058* 

C vs. WG 0.153 0.867 0.676 

W vs. WG 0.194 1.742 0.124 

G vs. WG 0.214 1.862 0.091* 

W vs. G 0.211 0.241 0.122 

 2458 

6.4.3 Functional genes associated with C cycling  2459 

Among 21 detected C degradation genes, the main effect of warming negatively affected only 2460 

3 of them significantly, i.e. nplT encoding neopullulanase for starch decomposition, the gene 2461 

encoding manganese for hemicellulose decomposition and glx encoding glyoxal oxidase for 2462 

lignin decomposition (Table 6.2); while none was significantly affected by the main effect of 2463 

grazing (Table 6.2). Significantly antagonistic interactions between warming and grazing were 2464 

observed for amyA encodingalpha-Amylase and pulA encoding pullulanase for starch 2465 

decomposition; genes encoding mannanase and xylanase for hemicellulose decomposition; 2466 

CDH encoding cellobiose dehydrogenase for cellulose degradation; the gene encoding 2467 

acetylglucosaminidase for chitin decomposition; glx encoding glyoxal oxidase and mnp 2468 

encoding manganese peroxidase for lignin decomposition (Table 6.2). Significantly 2469 
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synergistic interaction was only observed for nplT encoding neopullulanase II for starch 2470 

decomposition (Table 6.2). 2471 

 2472 

 2473 
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Table 6.2 Main effects and individual effect sizes of grazing and warming, as well as their interaction effect sizes with 95% confidence intervals 2474 

on genes that were significantly affected by interactive effects between grazing and warming based on two-way ANOVA. Significance of main 2475 

effects of grazing or warming were based on two-way ANOVA and boldface represented P<0.05. Individual effect sizes of warming and grazing, 2476 

as well as their interaction, were calculated by using Hedges’ d. Interaction types were labelled as synergistic or antagonistic, based on below 2477 

criteria: for situations where individual effect sizes of warming and grazing were both negative or had opposite directions, the interactions were 2478 

synergistic when their effect sizes < 0 or antagonistic when > 0. In cases where the individual effect sizes of warming and grazing were both 2479 

positive, interactions were characterized as synergistic and antagonistic when their effect sizes > 0 and < 0, respectively.  2480 

 Response variable Main effects of 

grazing (P value) 

Main effects 

of warming (P 

value) 

Individual 

effect 

sizes of 

Grazing 

Individual 

effect 

sizes of 

Warming 

Grazing and 

Warming 

interaction 

effect sizes 

Lower 

95% C.L. 

Upper 95% 

C.L. 

Interaction types 

Diversity indices Richness 0.267 0.673 2.11  1.39  -3.41  -5.70  -1.13 antagonistic 

Shannon index (H) 0.538 0.897 1.43  1.08  -2.45  -4.59  -0.32 antagonistic 

Invsimpson index (1/D) 0.520 0.463 2.08  1.29  -3.63  -5.96  -1.30 antagonistic 

Signal intensity of C 

cycling genes 

PCC 0.215 0.013 2.00 0.12 -1.41 -2.46 -0.36 antagonistic 

amyA 0.246 0.129 1.69 0.45 -1.17 -2.21 -0.13 antagonistic 

nplT 0.358 0.012 1.74 -0.03 -1.30 -2.31 -0.30 synergistic  

pulA 0.714 0.446 0.83 0.64 -0.99 -2.03 -0.04 antagonistic 

mannanase 0.308 0.013 2.24 0.46 -1.76 -2.83 -0.70 antagonistic 

xylA 0.877 0.066 1.04 0.07 -0.97 -2.00 0.07 - 

xylanase 0.13 0.102 2.68 1.16 -1.95 -3.03 -0.87 antagonistic 
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CDH 0.532 0.678 1.81 1.33 -1.52 -2.58 -0.46 antagonistic 

acetylglucosaminidase 0.688 0.284 1.21 0.52 -1.02 -2.06 -0.01 antagonistic 

glx 0.279 0.028 1.62 0.00 -1.11 -2.15 -0.07 antagonistic 

 mnp 0.903 0.966 1.12 1.19 -1.17 -2.21 -0.13 antagonistic 

Signal intensity of N 

cycling genes 

NirB 0.907 0.274 1.33 1.01 -1.47 -2.52 -0.41 antagonistic 

napA 0.218 0.884 2.02 0.92 -1.27 -2.31 -0.22 antagonistic 

hzo 0.722 0.454 1.25 0.60 -1.00 -2.06 0.01 - 

narG 0.448 0.258 0.84 0.70 -0.81 -1.84 0.22 - 

nirK 0.186 0.113 1.69 0.55 -1.10 -2.14 -0.06 antagonistic 

norB 0.554 0.280 1.89 1.03 -1.84 -2.91 -0.76 antagonistic 

nosZ 0.009 0.043 1.79 1.21 -1.48 -2.53 -0.42 antagonistic 

 2481 
 2482 
 2483 

 2484 

 2485 
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 2486 

Grazing alone led to significantly higher abundances of C degradation genes in comparison 2487 

with the control, including amyA encodingα-amylase, the gene encoding glucoamylase, nplT 2488 

encoding neopullulanase II for starch degradation; the gene encoding mannanase, xylA 2489 

encoding xylose isomerase for hemicelluloses degradation; CDH encoding cellobiose 2490 

dehydrogenase for cellulose degradation; genes encoding acetylglucosaminidase and 2491 

endochitinase for chitin degradation; and glx encoding glyoxal oxidase for lignin degradation 2492 

(Figure 6.3b). On the contrary, none of detected C degradation genes were significantly 2493 

changed by warming alone or combined with grazing treatment compared to the control.  2494 

 2495 

Figure 6.3 Normalized signal intensities of functional genes involved in CO2 fixation (a), 2496 

methane production and oxidation (b), as well as carbon-degradation (c), in treatments of 2497 

grazing alone (G), warming alone (W), warming combined with grazing (WG), and control (C). 2498 

Error bars represented standard errors (n=4). Different letters above bars indicated significant 2499 
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differences among treatments (P<0.05), determined by post-hoc lsmeans tests following Two-2500 

way ANOVA. 2501 

With respect to C fixation genes, the abundance of PCC gene encoding propionyl-CoA 2502 

carboxylase was significantly affected by the antagonistic interaction between warming and 2503 

grazing, and decreased by the main effect of warming, but not by the main effect of grazing 2504 

(Table 6.2). Grazing alone significantly increased the relative abundance of PCC, which was 2505 

unchanged under warming alone or combined with grazing (Figure 6.3a). Other C fixation 2506 

genes were not significantly affected by the main effect of warming, grazing and their 2507 

interaction, or any treatments.  2508 

Two genes involved in methane metabolism were detected in this study, including mcrA 2509 

encoding methyl-coenzyme M reductase for methane production, and pmoA encoding methane 2510 

monooxygenases for methane consumption. The abundances of pmoA and mcrA were not 2511 

significantly affected by the main effect of warming, grazing and their interaction, or any 2512 

treatments (Figure 6.3c).  2513 

6.4.4 Key functional genes involved in N cycling 2514 

The main effect of warming significantly decreased nosZ for nitrous oxide reduction (Table 6.2) 2515 

and amoA for ammonia-oxidizing (P=0.031), while the main effects of grazing significantly 2516 

increased nosZ (Table 6.2). Interactions between warming and grazing were significantly 2517 

antagonistic for genes involved in assimilatory N reduction (napA andNirB) and denitrification 2518 

(nirK, norB and nosZ) (Table 6.2). Grazing alone significantly increased abundances of genes 2519 

for N-fixation(nifH), ammonification (ureC), denitrification (narG, NirK, nirS, norB, nosZ), 2520 

assimilatory N reduction to ammonium (NirB) and dissimilatory N reduction (napA) by 30.8 2521 

to 103.0% compared to the control (Figure 6.4). By contrast, warming alone or combined with 2522 

grazing only significantly decreased abundances of amoA, but did not affect any other N 2523 

cycling genes (Figure 6.4). 2524 

 2525 
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 2526 

Figure 6.4 Percentage changes of signal intensities for detected genes involved in N cycling. 2527 

The number in parentheses from left to right represented changes of grazing alone (G), 2528 

warming alone (W) or warming combined with grazing (WG) compared to the control (C), 2529 

respectively. Red-coloured numbers indicated significant increases of gene signal intensities in 2530 

corresponding treatments compared to the control. Blue-coloured numbers indicated 2531 

significant decreases of gene signal intensities in corresponding treatments compared to the 2532 

control. Grey-coloured genes were not detected by present GeoChip. The significances were 2533 

determined by post-hoc lsmeans test following Two-way ANOVA and labelled as ** when 2534 

P<0.05. 2535 

6.4.5 Relationships between microbial community functional structure and 2536 

environmental variable 2537 

RDA (Figure 6.5a) revealed that the overall functional microbial community structure was 2538 

significantly (P=0.036) associated with soil soluble organic N (SON), soil soluble organic C 2539 

(SOC), coverages of Carex scabrirostris and coverages of forbs, belowground root biomass 2540 

(BiomassB), and soil temperature. These soil and plant variables explained 71.2% of the 2541 

variation of soil microbial functional community (Figure 6.5a). 2542 
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Considering that warming and grazing may affect microbial functional structure through 2543 

different mechanisms, we performed separated constrained ordination analyses with treatment 2544 

pairs of grazing alone and control, warming alone and control, as well as the combined 2545 

treatment and grazing alone. RDA with samples from grazing alone and control revealed that 2546 

plants factors consisting of coverages of all legumes, coverages of Gueldenstaedtia diversifolia 2547 

and plant species richness differentiated treatments and accounted for 77.2% of total variation 2548 

(RDA model P<0.01). The first and second axis explained 65.7% and 7.6% of total variation, 2549 

respectively (Figure 6.5b). For RDA with samples from warming alone and control, functional 2550 

structure was marginally significantly (P=0.057) correlated with aboveground biomass 2551 

(BiomassA) and soil C/N. These two factors accounted for 27% of overall variation (RDA 2552 

model P=0.020; Figure 6.5c). For RDA with samples from the combined treatment and grazing 2553 

without warming, the soil variable (total phosphorous, P=0.073) and vegetation variables (i.e. 2554 

coverages of forbs, P=0.070 and Poa pratensis, P=0.014) were significantly (RDA model 2555 

P=0.036) correlated with the microbial community functional structure and accounted for 82.9% 2556 

of variation in functional community composition (Figure 6.5d). 2557 

 2558 

 2559 

 2560 
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 2561 

Figure 6.5 Redundancy analysis (RDA) based on detected functional genes and selected 2562 

environmental variables for all samples (a), grazing alone and control samples (b), warming 2563 

alone and control samples (c), and warming combined with grazing and control samples (d). 2564 

The percentage values of Axis 1 and 2 were percentages of variations explained by the 2565 

corresponding axes. Selected environmental variables included soil temperature (Soil T),  2566 

belowground biomass (BiomassB), coverages of forbs (Forbs), soil organic carbon (SOC), soil 2567 

organic nitrogen (SON), coverages of Carex scabrirostris (CarxSscab), plant species richness 2568 

(Species), coverages of legumes (Legumes), coverages of Gueldenstaedtia diversifolia 2569 

(GuelDivr), microbial biomass nitrogen (MBN), aboveground living present biomass 2570 

(BiomassA), soil carbon: nitrogen ratio (C/N), total phosphorous (Total P), and coverages of 2571 

Poapratensis (PoaPratn). 2572 

6.5 Discussion 2573 

Many studies reported that grazing alone without warming and warming alone without grazing 2574 

can alter the soil microbial taxonomic composition and structure (Clegg, 2006; Banning & 2575 
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Murphy, 2008; Ingram et al., 2008) and abundances of particular microbial functional genes 2576 

(Xie et al., 2014; Pan et al., 2018), e.g. amoA and nirK, in alpine grassland ecosystems (Xie et 2577 

al., 2014). In this study, by using Geochip, we examined functional metabolic potentials of soil 2578 

microbial communities under warming and grazing in an alpine meadow.  2579 

6.5.1 Effects of grazing on soil microbial functional communities 2580 

Compared to the control, grazing alone significantly changed overall functional gene structure 2581 

and increased alpha diversity, consistent with previous studies in alpine meadows adopting 2582 

Geochip technology as well (Yang et al., 2013; Wang et al., 2016). Grazing alone also 2583 

significantly increased the microbial functional potentials in C degradation and fixation, N 2584 

fixation, mineralization and denitrification. The stimulating effect of grazing alone on 2585 

microbial C and N genes were conflicted with those results obtained from the semiarid 2586 

grasslands. In semiarid grasslands, grazing-inhibited C/N cycling processes were observed and 2587 

related to the reduction in soil moisture or soil C and N contents (Phetteplace et al., 2001; Wang 2588 

et al., 2006), which were not observed in this study. In the alpine meadow, decreased C 2589 

degradation genes were previously observed from a free livestock grazing study wherein heavy 2590 

grazing occurred (Yang et al., 2013), and such a discrepancy could be explained by the fact that 2591 

a lower grazing intensity was adopted in our study, and different grazing intensities can have 2592 

opposite effects on C/N pools and fluxes (Zhou et al., 2017). For example, soil C sequestration 2593 

under low-intensity grazing may change to C loss under heavy grazing in a temperate grassland 2594 

(He et al., 2011). 2595 

Our result was in line with many studies in grazed pastures, located in New Zealand (Menneer 2596 

et al., 2005) and Europe (Chronakova et al., 2009), where accelerated C and N cycling processes 2597 

were induced by moderate grazing as well. In the alpine meadow, a stimulatory effect of 2598 

moderate grazing on nifH gene for N fixation (Che et al., 2018)  ureC gene for ammonification 2599 

(Xu et al., 2011) and denitrification genes (Xie et al., 2014)  were also reported. The stimulated C 2600 
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and N cycling processes or function genes under grazing were likely due to enhanced soil C 2601 

and nutrient contents (Saggar et al., 2004; Oenema et al., 2007; Keil et al., 2011). In this study, 2602 

grazing alone did not change the measured soil C or N contents in the depth of 0-20 cm. 2603 

However, total inorganic N at the 0-10 cm depth (Rui et al., 2011) was observed to be 2604 

significantly increased by grazing alone. It is also possible that urine and dung deposition from 2605 

animals in grazed plots may increase the labile portion of substrate input into soils, posing 2606 

stimulating impacts on microbial function genes involved in C and N cycling. These 2607 

phenomena might also be explained by plant community shift as grazing alone significantly 2608 

decreased coverages of Gueldenstaedtia diversifolia and total coverages of legumes (Table S2), 2609 

explaining 77.2% of variances in microbial functional structure by RDA. 2610 

6.5.2 Effects of warming on soil microbial functional communities 2611 

In our study, short-term (4-year) warming alone did not change functional gene alpha diversity, 2612 

functional community structure and abundances of most C and N cycling genes (except amoA). 2613 

Only nplT, manganese gene and glx for C decomposition, PCC for C fixation and nosZ for 2614 

nitrous oxidation were significantly negatively affected by the main effect of warming, 2615 

inconsistent with unchanged abundances of some of these genes (i.e. nplT and glx) in a tall 2616 

grass prairie ecosystem (Yue et al., 2015; Cheng et al., 2017). Insignificant warming effects 2617 

for most functional genes were also observed in some previous studies on species composition 2618 

of soil microbial community in stenothermal (Zhang et al., 2005; Gray et al., 2011) or alpine 2619 

ecosystems (Li et al., 2016; Zhang et al., 2016) under short-term warming experiments (less 2620 

than 4-year warming treatment) with similar temperature increase. However, inconsistent with 2621 

our results, Yue et al. (2015) found that abundances of C and N cycling genes were decreased by 2622 

short-term (3 years) warming in a Tibetan alpine meadow. The temperature increase in their 2623 

warming treatment reached approximate 5oC, much higher than ours (1.2-1.7oC), likely 2624 

explaining such conflict. On the other hand, numerous studies found substantial changes in soil 2625 



 119 

microbial community properties under long- term warming treatments (Luo et al., 2014; Pold 2626 

et al., 2016; Cheng et al., 2017). Therefore, distinct observations might be attributed to a long 2627 

time lag between climate changes and detectable responses in the microbial community caused 2628 

by slow incorporation of plant litter into large soil organic C pool, and temperature increase 2629 

extents (Rinnan et al., 2007; Weedon et al., 2012; Yergeau et al., 2012; Streit et al., 2014; Xu 2630 

& Yuan, 2017). In our study, soil substrate was not affected by warming, which might be 2631 

explained by the balance between increased soil substrate input from plant litter and exudates 2632 

vs. increased aboveground plant uptake. Thus, the stable soil substrate likely resulted in 2633 

unchanged microbial functional diversity and structure. The more sensitive response of amoA 2634 

than other N genes in nitrification and denitrification was consistent with studies from 2635 

temperate grasslands (Zhang et al., 2017). Decreased amoA abundance could be explained by 2636 

inferior competitiveness for nutrient of associated microbes due to chemoautotroph (Belser, 2637 

1979; Kowalchuk & Stephen, 2001). 2638 

6.5.3 Interactive effects between warming and grazing on soil microbial communities 2639 

Our study showed that warming greatly dampened the effects of grazing on microbial function 2640 

gene diversity, community structure and C/N gene abundances, resulting in insignificant effects 2641 

of the combined treatment. Warming and grazing influenced plant community differently, 2642 

which may contribute to the dampening effect in the combined treatment. For example, grazing 2643 

alone significantly decreased aboveground plant biomass and the coverage of legumes, but 2644 

warming alone increased them (Table S2). Warming alone significantly reduced the plant 2645 

diversity, while grazing alone did not (Table S1, S2).The opposite or different effects of 2646 

grazing and warming on plant community could strongly affect microbial functional 2647 

community through changing root exudates, litter, and thus soil substrate availability (Stephan 2648 

et al., 2000; Bardgett, 2011), resulting in insignificant differences in soil functional genes 2649 

between the combined treatment and control. 2650 
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Almost all concentrations of soil nutrients were the highest in the combined treatment (Table 2651 

S2), including significantly increased soil total inorganic N and NO3--N, possibly due to 2652 

decreased aboveground plant biomass with less nutrient uptake but increased belowground 2653 

plant biomass with more soil C input. Though the combined treatment had significantly higher 2654 

soil NO3- -N content, similar to the grazing alone treatment, no significant effect of the 2655 

combined treatment was observed on microbial functional properties. Insignificant effects of 2656 

the combined treatment on microbial functional properties was possibly due to limitation by 2657 

water deficit as revealed by significant decreased soil moisture content, mainly posed by 2658 

warming effect. Considering that in 2009, a drought year (Hu et al., 2010), decrease in soil 2659 

moisture could limit the physiological activity of soil microorganisms. Moreover, previous 2660 

studies in the same experimental site have shown that short-time warming significantly 2661 

increased dung mass loss (Luo et al., 2009), likely inhibiting the stimulating effect of urine and 2662 

dung deposition from animals in the combined treatment as well. As a result of such dampening 2663 

effects, significant interactions between warming and grazing on microbial function genes were 2664 

mainly antagonistic (Table 6.2). 2665 

The active component or gene expression (RNA) is widely recognized to be more related to 2666 

actual functions, but more sensitive to environmental changes and considered to be easily 2667 

affected by conditions during the sampling time and other disturbances (Che et al., 2016; Xue 2668 

et al., 2016). It would be beneficial to investigate microbial community by multiple techniques 2669 

to characterize different aspects and acquire in-depth understanding of soil microbial 2670 

functioning in alpine ecosystems in further studies.  2671 

6.6 Conclusion 2672 

To our knowledge, our study represents the first evidence indicating that grassland 2673 

management regime and climate change could interact antagonistically on soil microbial 2674 



 121 

functional groups in high-altitude ecosystems, which may have important implications for 2675 

predicting future soil C and N processes. Soil microbial community structure and functional 2676 

genes remained unchanged under moderate grazing in warming scenarios compared to the 2677 

control, despite enriched soil nutrient availability. Such phenomena may be attributed to a 2678 

warming induced water deficit, which may dampen the stimulating effect of moderate grazing 2679 

on microbial functional properties in the experimental site we studied. Therefore, the 2680 

assessment of grazing effects on soil carbon/nitrogen processes in the Tibetan Plateau alpine 2681 

meadows should take climate warming into consideration in future scenarios. 2682 

 2683 

  2684 
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 2685 

 2686 
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6.7 Supplementary data 2687 

 2688 

Table S1. Two-way ANOVA results for main effects of warming and grazing, as well as their interaction, on soil and plant characteristics. 2689 

 Warming  Grazing  Warming × grazing 

 
F value P value 

 
F value P value 

 
F value P value 

Soil 

properties 

pH 0.08 0.782 
 

0.41 0.538 
 

0.09 0.766 

 ST_10 cm (oC) 50.49 <0.001**  23.01 <0.001**  0.24 0.630 

 ST_20 cm (oC) 43.69 <0.001**  22.99 <0.001**  0.12 0.730 

 SM (%) 12.88 0.006**  0.15 0.706  0.00 0.951 

 NH4
+-N (mg/kg) 1.82 0.211  0 0.956  2.36 0.158 

 NO3
--N (mg/kg) 0.30 0.167  0.28 0.049**  0.18 0.193 

 Total C (%) 1.21 0.300 
 

1.34 0.276 
 

2.07 0.184 

 Total N (%) 1.80 0.212 
 

1.69 0.225 
 

1.86 0.206 

 Total P (mg/kg) 1.70 0.224 
 

0.01 0.939 
 

0.02 0.898 

 C/N 1.07 0.327 
 

0.46 0.513 
 

0.00 0.947 

 SOC (mg/kg) 0.28 0.612 
 

0.74 0.412 
 

1.11 0.319 
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 SON (mg/kg) 1.38 0.271  0.07 0.803  0.96 0.354 

 MBC (mg/kg) 1.34     0.279  0.04     0.852  0.49     0.500 

 MBN (mg/kg) 1.05     0.333 
 

0.31     0.593 
 

0.79     0.396 

Plant 

properties 

Plant Richness 11.69 0.008**  2.92 0.122  1.87 0.205 

 BiomassA (g/m2) 159.42 <0.001**  304.85 <0.001**  30.16 <0.001** 

 BiomassB 10cm (g/m2) 0.01 0.932  0.98 0.348  0.88 0.372 

 BiomassB 20cm (g/m2) 6.56 0.031**  0.3 0.599  2.24 0.169 

 Plant diversity 3.39 0.098  2.1 0.181  1.44 0.260 

 Forbs coverage (%) 7.39 0.024**  0.16 0.700  6.68 0.029** 

 Legumes coverage (%) 10.43 0.010**  28.41 0.001**  0.10 0.754 

 Carex scabrirostris 

coverage (%) 

1.02 0.338  5.28 0.047**  0.21 0.657 

 Gueldenstaedtia divers 

folia coverage (%) 

0.52 0.488  102.26 <.001**  1.17 0.307 

 Thalictrum alpinum 

coverage (%) 

3.10 0.112  3.10 0.112  0.09 0.768 

 Poa pratensis coverage 

(%) 

0.01 0.924  19.62 0.002**  0.09 0.774 

 Trigonella ruthenica 4.52 0.062  0.72 0.417  0.01 0.918 
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coverage (%) 

The data used in this table was reported previously Rui et al. (2011) and Wang et al. (2012).  

**P<0.05.   

Abbreviations: ST_10cm, Soil temperature at 10 cm; ST_20cm, Soil temperature at 20 cm; SM, Soil moisture; Total C, Total carbon; Total N, Total N; Total P; C/N, Soil carbon: nitrogen 

ratio; SOC, Soluble organic C and N; SON, Soluble organic N; MBC, microbial biomass C; MBN, microbial biomass N; Plant Richness, Plant species richness; BiomassA, Aboveground living 

present biomass; BiomassB 10cm, Belowground root biomass at 0-10 cm; BiomassB 20cm, Belowground root biomass at 10-20 cm; Plant diversity, Plant Shannon diversity index.  

2690 
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Table S2 Plant and soil characteristics (mean± standard error) that were significantly altered by main effects of warming, grazing and their 2691 

interaction in Two-way ANOVA (**P<0.05). Different letters in parentheses indicated statistical differences at P<0.05, determined by post-hoc 2692 

lsmeans test based on Two-way ANOVA. 2693 

 Main effect of warming  Main effect of grazing  Treatments (n=4) 

 
Warming  

(n=8) 

Control  

(n=8) 

 Grazing 

(n=8) 

Control  

(n=8) 

 
C G W WG 

Soil 

properties 
ST_10cm (oC) 13.28±0.26 11.74±0.23 

 
13.03±0.31 11.99±0.34 

 
11.16±0.05(c)   12.31±0.05(b)  12.81±0.05 (b)  13.75±0.05(a) 

 ST_20cm (oC) 12.81±0.28 11.41±0.18  12.62±0.32 11.60±0.28  10.94±0.04(c)   11.88±0.04 (b) 12.26±0.04 (b)  13.36±0.04(a) 

 
Soil Moisture 

(%) 
0.28±0.01 0.37±0.01 

 
0.33±0.02 0.32±0.02 

 
26.24±2.00(a) 25.54±1.06(a) 20.57±1.43(b) 20.06±1.44(b) 

 NO3
--N (mg/kg) 12.25±5.42 5.13±1.15  14.06±5.10 3.32±0.34  3.08±0.60(b) 7.18±1.73(ab) 3.56±0.36(b) 20.94±9.3(a) 

Plant 

properties 
Plant Richness 20.63±0.32 21.63±1.56 

 
19.75±1.16 7.95±0.85 

 
24.25±0.94(a) 22.00±0.91(ab) 20.75±0.63(b) 20.5±0.28(b) 

 
BiomassA 

(g/m2) 
381.39±25.01 309.81±14.36 

 
296.10±9.53 395.09±20.17 

 
343.73±7.34(b) 275.89±11.86(d) 446.45±9.29(a) 316.33±3.26(c) 

 
BiomassB 20cm 

(g/m2) 
598.55±31.04 473.96±39.16 

 
523.00±49.69 549.51±32.97 

 
523.59±36.49(ab) 424.33±64.68(b) 575.44±57.38(ab) 621.68±29.09(a) 

 
Legumes 

coverage (%) 
29.63±2.09 24.63±1.78 

 
23.00±1.32 31.25±1.64 

 
28.51±0.50(b) 20.75±2.13(c) 34.00±2.71(a) 25.25±0.48(bc) 
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2694 

 

Gueldenstaedtia 

diversifolia 

coverage (%) 

9.63±1.53 9.13±1.23 

 

5.88±0.30 12.88±0.55 

 

12.25±0.63(a) 6.00±0.41(b) 13.50±0.87(a) 5.75±0.48(b) 

 
Poa pratensis 

coverage (%) 
14.75±1.42 14.88±1.29 

 
12.00±0.96 17.63±0.71 

 
17.50±0.64(a) 12.25±1.65(b) 17.75±1.37(a) 11.75±1.25(b) 
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Chapter 7 General conclusions 2695 

Soil microbial community plays an essential role in maintaining ecosystem functioning. 2696 

Although the spatial distribution and driving factors of plant and animals are well studied, 2697 

diversity patterns and community assembly mechanisms of soil microbial communities are far 2698 

from conclusive.  The Tibetan Plateau is the largest geo-morphological unit in the Eurasian 2699 

continent and is among the most sensitive eco-regions to climate changes and anthropogenic 2700 

disturbances. Air temperature increase in the Tibetan Plateau is significantly faster than the 2701 

global average. Alpine grasslands of Tibetan Plateau cover an area of about 2.5 million km2.  2702 

In this thesis, we studied the changes of soil microbial community diversity, composition and 2703 

co-occurrence along a climate gradient in the Tibetan plateau. In addition, we studied the 2704 

responses of soil microbial functional communities under climate warming and grazing.   2705 

Our main findings are that there were significant differences in soil microbial alpha diversity 2706 

and community among different grassland types along the environmental gradient. There was 2707 

higher microbial alpha diversity in alpine swap meadow. Soil bacterial alpha diversity was 2708 

significantly correlated with factors that can indicate soil nutrient status, while fungal diversity 2709 

was best predicted by soil pH. The effects of mean annual precipitation (MAP) indirect affected 2710 

soil bacterial and fungal alpha diversity by altering soil soluble organic carbon, pH and plant 2711 

richness. The effect of environmental factors on the overall soil bacterial community structure 2712 

variation was greater than that of spatial factors. The most important environmental factor for 2713 

the difference in bacterial community structure was MAP which affected soil bacteria through 2714 

its direct effects and indirect effects on soil properties (i.e. soil pH and DOC) and plant 2715 

composition. Likewise, environmental factors and geographic distance could independently 2716 

explain the changes in soil fungal community structure with a higher effect by environmental 2717 
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factors. MAP was the predominant driver of soil fungal community structure by its direct 2718 

effects and indirect effects on soil pH and plant community composition. 2719 

The co-occurrence network of alpine meadow had more nodes, edges and larger size of network. 2720 

The microbial network changed with vegetation types and driven by different factors. Alpine 2721 

steppe network had higher modularity and average path length, implying that soil microbial 2722 

community of alpine steppe might be more stable under changing climate. In addition, fungal 2723 

network was found to have topological feature of stability such as higher modularity and lower 2724 

connectivity. Betweenness centrality of bacterial nodes was higher in alpine meadows, while 2725 

degree centrality of bacterial centrality was higher in alpine steppes. This might be explained 2726 

by niche differentiation driven by water-energy differences between grasslands. The microbial 2727 

network of alpine steppe was significantly related to MAP and soil moisture. By comparison, 2728 

the network of alpine meadows was more associated with plant factors including biomass and 2729 

diversity, suggesting that structure of microbial networks was driven by different factors. 2730 

As for the effects of warming and grazing on soil microbial communities, our study indicated 2731 

that grassland management regime and climate change could interact antagonistically on soil 2732 

microbial functional groups in the high-altitude ecosystems, which may have important 2733 

implication for predicting future soil C and N processes. In our study, warming cancelled the 2734 

stimulating effects of grazing on soil microbial functional groups. This might be explained by 2735 

warming-induced water deficit. Therefore, the assessment of effects of grazing on soil C/N 2736 

processes in the Tibetan Plateau alpine meadows should take climate warming into 2737 

consideration in future scenarios. 2738 

 2739 

 2740 
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