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Abstract
Aim The decomposition of plant residues is a fundamental process of soil organic matter accumulation. The loss of plant functional groups (PFGs) could
affect this process by producing litter of different qualities in the soil. Microorganisms are one of the indispensable driving forces of ecological processes, but
the mechanisms by microbial communities respond to aboveground PFG changes are still unclear, which limits our understanding of biogeochemical cycle
changes under PFG loss.

Methods We assessed the microbial taxonomic and functional composition of six typical single PFGs (evergreen conifer, evergreen shrubs, deciduous shrub,
graminoid, forb and fern), random loss of a single PFG (SPFG) from litter mixtures and total mixture of six PFGs in a Tibetan �r forest by a high-throughput
sequencing method.

Results The microbial composition and function did not change with loss of a SPFG in litter, and microbial communities were mainly determined by the
carbon and nitrogen ratio (C:N), carbon and phosphorus ratio (C:P), N and lignin, and bacterial functional pathways and fungal functional guilds were both
determined by N, C:N and C:P ratios. Bacterial diversity was positively related while fungal diversity was negatively related to N and cellulose concentrations.

Conclusion We speculated that the difference in initial litter qualities (especially C:N) between different PFGs, rather than a decreased number of PFGs, is a
determinant of microbial composition and function. As the loss of PFG does not change litter quality, the microbial community can resist the loss of PFG,
which maintains alpine ecosystem carbon and nutrient cycling stability.

Introduction
Litter decomposition is the key process in the material cycle of terrestrial ecosystems (Berg and Mcclaugherty, 2014), as it links terrestrial primary productivity
with soil organic matter dynamics (Wang et al., 2019), affects ecosystem carbon storage and potentially exerts long-term impacts on climate (Chapin et al.,
2002). Global warming has a major in�uence on global ecosystems and biodiversity (Loreau, 2010), including species loss in different trophic groups
(Soliveres et al., 2016). Because litter decomposition is affected by changes in biodiversity at multiple trophic levels (including plants, microbial decomposers
and varied invertebrate consumers) (Gessner et al., 2010), loss of biodiversity in terrestrial ecosystems due to global climate change may have a major impact
on litter decomposition. In general, terrestrial ecosystems consist of a variety of plant species and plant functional groups (PFGs). Similarly, litter
decomposition in the natural state always includes multiple species; hence, mixed litter degradation cannot be simply characterized by single leaf litter
decomposition patterns (Gessner et al., 2010; Wardle et al., 1997; Blair et al., 1990). Therefore, experiments to understand the mechanism of
litter decomposition in response to plant diversity change have been performed by mixing litters at the species level (Gartner and Cardon, 2004; Ball et al.,
2008; Porre et al., 2020; Wang et al., 2020). However, a weakness of these studies is that plant species diversity often does not adequately re�ect functional
attributes, and de�ciencies in single plant functional groups (SPFGs) have a greater impact on the ecosystem than the loss of the same number of species
from different PFGs (Díaz and Cabido, 2001). For example, a litterbag experiment in grasslands showed that changes in plant functional diversity rather than
species richness are critical to predicting the interaction between biodiversity and decomposition (Scherer-Lorenzen, 2008). Indeed, the loss of key functional
groups may permanently alter the characteristics of ecosystems through changes in resource availability (Chapin et al., 2002). Thus, these studies of the loss
of PFGs are important to understand how global climate change affects ecosystem function by in�uencing nutrient return.

Microorganisms are the most important decomposers that drive terrestrial biogeochemical cycles. Soil microbes degrade lignin, cellulose, hemicellulose,
pectin and proteins in litter by secreting numerous enzymes, representing an indispensable part of carbon and nutrient cycling (Yadav and Malanson, 2007;
Schneider et al., 2012; Berge and McClaugherty, 2014; Burns et al., 2002). Litter physicochemical properties vary with plant species (Porre et al., 2020), and
litter nutrient concentration and carbon quality strongly in�uence microbial community composition and abundance (Aerts, 1997; Yan et al., 2018; Liu et al.,
2020). Thus, it is necessary to investigate how microbial communities respond to changes in PFGs. It has been reported that litter traits drive the
differentiation of microbial communities (Zheng et al, 2018). Furthermore, most microbes preferentially use litter materials rich in labile compounds and
nutrients (Gessner et al., 2010), but bacteria may be more important for degrading organic materials with higher nitrogen concentrations (Six et al., 2002). In
contrast, fungi tend to decompose organic materials with lower nitrogen concentrations (Frey et al., 1999; Guggenberger et al., 1999; Pascoal and Cássio,
2004). Additionally, different microbial species also have a preference for decomposition substrates. For example, Acidobacteria and Solibacteres prefer to use
lignin, whereas Ascomycota prefer to use cellulose and hemicellulose (Wang et al., 2019). Nevertheless, there is no consistent conclusion regarding the
response of the microbial community to changes in plant diversity due to the complex in�uences of plant diversity on the nutrient release of litter
decomposition (Li et al., 2016), and whether and how PFG loss alters the structure, composition and microbial community remain poorly understood.

To better understand the relationship between plant diversity and ecosystem processes, we simulated single PFG litter loss through litterbag experiments to
determine whether SPFG de�ciencies in litter affected microbial community composition and function in a Tibetan �r forest. Therefore, we performed an
experiment in the alpine �r forest of western Sichuan located in the upper reaches of the Yangtze River, which is located at the eastern margin of the Qinghai-
Tibet Plateau and is sensitive to global climate change (IPCC, 2014). SPFG litter treatments and SPFG-loss litter treatments were conducted, bacterial and
fungal community composition were monitored, diversity and function were determined using high-throughput sequencing, and the impact of initial litter
quality on bacterial and fungal community structure and function was assessed. We hypothesize that (1) SPFG de�ciencies would decrease bacterial and
fungal community structure and function by changing nutrient availability and (2) the initial nitrogen and carbon concentrations in litter would greatly affect
bacterial and fungal community structure and function.

Materials And Methods

Study site
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The experimental site was located at the Long-Term Research Station of Alpine Forest Ecosystems of Sichuan Agricultural University (31°51′48″-31°51′53″N,
102°41′32″-102°41′54″E, approx. 3900-4200 m a.s.l.) in the Zhegu Mountain region, which is located on the eastern edge of the Tibetan Plateau in Sichuan
Province, China (Liu et al., 2019b; Zheng et al., 2020). This research area has a typical alpine climate. According to the data from alpine meteorological
stations, the annual mean temperature is approximately 2.9 °C, the mean annual precipitation is approximately 870 mm in the alpine treeline station, and the
period of snow cover is from October to April of the following year. The soils in the coniferous forest are classi�ed as Cambisols and Histosol (World
Reference Base taxonomy). This mountain exhibits remarkable vertical zonality from the valley to the hilltops, including a mixed coniferous-broadleaf forest, a
dark coniferous forest (3900-4000 m a.s.l.), alpine shrubland (4000-4200 m a.s.l.), alpine meadow (>4200 m a.s.l.), and alpine desert (above 4500 m a.s.l.).
Three permanent sites (50-m-wide transect) were established in 2012 as described by Liu et al. (2019b). This study was conducted in a coniferous forest
(3900-4000 m a.s.l.) that was dominated by Abies faxoniana. The dominant shrub species included Rhododendron lapponicum, Salix paraplesia, and Sorbus
rufopilosa; the dominant graminoid species included Poa crymophila and Deyeuxia scabrescens; the dominant forb species included Epilobium angustifolium
and Ligularia sagitta; and the dominant fern species was Cystopteris montana (Chen et al. 2018; Liu et al. 2019a; Zheng et al. 2020).

Experimental design and sample collection
On the basis of previous studies (Chapin et al., 1996; Aerts, 2006), the representative plant species in the area were classi�ed as follows: evergreen coniferous
(Abies faxoniana, EC), evergreen shrub (Rhododendron lapponicum, ES), deciduous shrub (Sorbus rufopilosa, Salix paraplesia, DS), graminoid (Poa
crymophila, Deyeuxia scabrescens, GR), forb (Epilobium angustifolium, Ligularia sagitta, FO), and fern (Cystopteris montana, FE), corresponding to a total of
six PFGs.

In October 2015, we collected fresh foliar litter from the above six representative PFGs (Table S1). Fresh foliar litter was taken back to the laboratory, air-dried
for two weeks, and then mixed to obtain a homogeneous sample. A total of 13 treatments were performed for these six PFGs, including (1) mixed litter from all
six PFGs (total mixture, TM), (2) six single-SPFG treatments (i.e., EC, ES, DS, GR, FO and FE), and (3) six SPFG-loss treatments: mixed litter without EC (EC0),
without ES (ES0), without DS (DS0), without GR (GR0), without FO (FO) and without FE (FE0) (Table S2). Twelve-gram subsamples of the air-dried litter were
placed in each nylon litterbag (20 cm × 25 cm, mesh size 1.0 mm) (Guo et al., 2006). Of note, each PFG had the same weight when the number of PFGs was >
1. In addition, when representative species in the PFGs were > 1, each plant species had the same weight. On 26 November 2015, the litterbags (3 duplicates ×
13 PFGs = 39 samples) were placed on top of the litter layer in the coniferous forest with at least 5-cm intervals between the litterbags. On 25 September 2017,
three litterbags for each PFG were collected and transported to the laboratory, where the soil and roots were removed from the litter. These samples were
used for litter DNA extraction and stored at −80 °C. The initial litter qualities (i.e., C, N, P, DOC, TDN, TDP, cellulose, lignin) used in this paper were determined by
Chen et al. (2021).

DNA extraction, PCR ampli�cation and Illumina MiSeq sequencing
Microbial DNA was extracted from 39 samples using the MN NucleoSpin 96 Soil Kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions.
The V3-V4 region of the bacterial 16S rRNA gene was ampli�ed with universal primers 338F (5'- ACTCCTACGGGAGGCAGCA-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3') (Xu et al., 2016). The ITS1 region of the fungi was ampli�ed with the forward primer ITS1F (5'-
CTTGGTCATTTAGAGGAAGTAA-3') and reverse primer ITS1R (5'-GCTGCGTTCTTCATCGATGC-3') (Sun et al., 2014) using a thermal cycler PCR system (Veriti
9902, AB, USA). The PCRs were conducted as follows: an initial denaturation, 25 cycles (second round, 10 cycles) of annealing and elongation, and a �nal
extension. The ampli�ed products were puri�ed and recovered using a 1.8% agarose gel electrophoresis method. The 16S rRNA and ITS1 gene amplicons were
sequenced using Illumina HiSeq deep sequencing at Biomarker Bioinformatics Technology Co., Ltd. (Beijing, China).

Processing of sequencing data
To obtain the raw tags, paired-end reads were merged by FLASH v.1.2.11 (Magoč and Salzberg, 2011). To obtain clean tags, raw tags were then quality-�ltered
by Trimmomatic v.0.33. The reads were truncated at any site to obtain an average quality score < 20 over a 50-bp sliding window (Bolger et al., 2014), and
possible chimaeras were then identi�ed by employing the UCHIME algorithm (Edgar et al., 2011). Operational taxonomic units (OTUs) were de�ned at the 97%
sequence similarity level by UCLUST v.10.0 (Edgar, 2013). The taxonomic assignment of the gene sequences was analysed using the RDP Classi�er algorithm
(v2.2, http://sourceforge.net/projects/rdpclassi�er/) (Wang et al., 2007) against the databases of Silva 16S rRNA (Quast et al., 2013) and Unite ITS (Kõljalg et
al., 2013), with a con�dence threshold of 80%. Alpha diversity (Shannon and Simpson diversity indices, Ace richness and Chao1 richness estimators) was
determined using Mothur v.1.30 (Schloss et al., 2009). PICRUST was used to predict the bacterial functional gene composition (Parks et al., 2014). FUNGuild
(fungal functional guild) was used to parse fungal OTUs using an ecological guild taxonomy (Nguyen et al., 2016), and the guild with the
highest probable con�dence ranking was used for further statistical analyses.

Statistical analyses
Except when constructing rarefaction curves, the number of sequences per sample was normalized before analysis, and the sequences of unidenti�ed taxa of
the top 10 bacteria and fungi according to relative abundance were removed from the analyses. Furthermore, the microbial taxa of our sequencing results
showed optimal resolution at the “class” level (Table S4); thus, we used it in the following analyses. Nonmetric multidimensional scaling (NMDS) and heat
maps were examined using the Quantitative Insights into Microbial Ecology (QIIME) work�ow (Caporaso et al., 2010). NMDS based on binary
Jaccard similarity was performed to visually assess whether differences in bacterial or fungal community composition were present among the SPFG

http://sourceforge.net/projects/rdpclassifier/


Page 4/16

treatments, TM, and SPFG-loss treatments, and the signi�cance of the observed differences was determined by analysis of similarities (ANOSIM) based on
binary Jaccard. The similarities and shifts in the relative abundance of the top 10 bacterial and fungal classes are displayed as a heat map.

One-way analysis of variance (ANOVA) was used to evaluate the effects of different PFGs (i.e., TM and SPFG treatments) and loss of different SPFGs (i.e., TM
and SPFG-loss treatments) on the relative abundance of the top 2 bacterial and fungal phyla and the top 9 identi�ed bacterial and fungal classes and alpha
diversity. The Student-Newman-Keuls (S-N-K) test was used to compare the means at a 95% con�dence interval. The correlations between the alpha diversity
and the initial litter quality parameters were analysed by the Pearson method. These statistical analyses were performed using SPSS Statistics for Windows
version 25.0 (SPSS Inc., USA). The Mantel test based on binary Jaccard similarity was used to study the relationship between bacterial and fungal community
similarities and initial litter quality parameters (correlations were considered signi�cant at p≤0.05 using 9999 permutations). To evaluate the differences in
bacterial functional metabolism and fungal functional guilds between the two groups, we employed a t-test using STAMP software (Parks et al., 2014), and
the Benjamini-Hochberg FDR was used for multiple test correction. The relationships between initial litter quality parameters and the relative abundance of
bacterial and fungal communities or bacterial functional metabolism and fungal functional guilds were analysed by redundancy analysis (RDA) (Canoco 4.5
software, Microcomputer Power, USA). The signi�cance of the RDA results was assessed by a Monte Carlo permutation test (p<0.001). Notably, only one
sample library was built successfully for FO, and two sample libraries were built successfully for FE0; thus, both the OTU data of FE and FO0 were �ltered in
the analyses, which included ANOVA of the relative abundance and alpha diversity of microbial communities as well as the Mantel test.

Results

Shifts in microbial diversity
We obtained 2,027,900 high-quality 16S rDNA and 2,292,923 high-quality ITS rDNA sequences from the 36 samples, with an average of 56,331 16S rDNA and
63,692 ITS rDNA sequences in each sample. In general, the rarefaction curves tended to approach saturation, indicating that the amount of sequencing data
was reasonable (Fig. S1).

The diversity indices (Shannon, Simpson) and the richness indices (Ace, Chao1) of each sample were calculated with OTU clustering at 97% sequence
similarity. For bacteria, one-way ANOVA showed that the Shannon index was signi�cantly different among the SPFG samples and TM. Speci�cally, the
Shannon indices of DS, GR and FE were different from those of EC and ES, and those of DS and FE were signi�cantly higher than those of TM (Table 2). For
fungi, the Shannon and Simpson indices were signi�cantly different among the SPFG samples and TM. Speci�cally, the Shannon index of ES of ES was
different from that of other SPFG samples and TM, and there was a difference in the Simpson index between all of the SPFG samples and TM. Importantly,
the diversity and richness indices of the bacterial and fungal communities were not signi�cantly different between any of the SPFG-loss samples and TM
(Table 2).

Bacterial and fungal community structure
For bacteria, a total of 182 shared bacterial species were detected among the SPFG samples and TM, while 3, 1, 2, 3, and 1 unique species were detected in EC,
ES, DS, GR and TM, respectively (Fig. 1a1). A total of 209 shared bacterial species were detected among the SPFG-loss samples and TM, and only 1 exclusive
bacterial species was detected in GR0 (Fig. 1a2). For fungi, a total of 42 shared fungal species were detected among the SPFG samples and TM, 1 unique
species was detected in ES, and 1 unique species was found in TM, in addition to the shared species (Fig. 2a1). A total of 47 shared fungal species were
detected among the SPFG-loss samples and TM (Fig. 2a2). The ANOSIM analysis showed that the similarity within the SPFG samples and TM (the R value for
bacteria was 0.301, and that for fungi was 0.423) was lower than that within the SPFG-loss samples and TM (the R value for bacteria was 0.084, and that for
fungi was 0.017) (Table 1). Furthermore, the NMDS plots indicated that the bacterial community structures in EC and ES and the fungal community structures
in the ES differed from those in TM (Fig. 1c, Fig. 2c).

At the phylum level, all the bacteria in the litter samples were identi�ed and grouped into 24 phyla (Table S4). The dominant bacterial phyla were
Proteobacteria (54.6%-67.7%) and Bacteroidetes (13.8% - 23.4%) in thirteen PFGs, and there was no signi�cant difference between the PFGs (Fig. 1b1, Table
S5). At the class level, a total of 45 bacterial taxa were identi�ed (Table S4). The top ten classes constituted 90.1% to 98.7% of the total population (one of
them was an unidenti�ed bacterium), and Alphaproteobacteria (33.4%-44.3%), Gammaproteobacteria (19.7%-33.6%) and Sphingobacteriia (9.6%-17.7%)
predominated, followed by Actinobacteria, Betaproteobacteria, Flavobacteriia, Cytophagia, Acidobacteria and Spartobacteria (Fig. 1b2). Among them, one-way
ANOVA showed that there was a difference in the relative abundance of some bacterial classes between some SPFG samples. Speci�cally, EC differed from
other SPFG samples (Alphaproteobacteria, Gammaproteobacteria and Acidobacteria); ES differed from GR (Betaprotebacteria); FE differed from ES
(Flavobacteriia); EC and ES differed from DS, GR and FE (Cytophagla); and DS differed from other SPFG samples
(Spartobacteria). The relative abundances of Alphaproteobacteria, Gammaproteobacteria and Acidobacteria in EC, Flavobacteriia in ES, Cytophagia in GR and
FE, and Spartobacteria in DS differed from those in TM (Fig. 3). In the SPFG-loss sample, the relative abundances of Alphaproteobacteria and Flavobacteriia in
DS0 were different from those in TM.

A total of 95.0% fungal taxa were identi�ed at the phylum level and grouped into 8 phyla (Table S4), and there were no signi�cant differences in the relative
abundances of the dominant phyla, i.e., Ascomycota (74.5%-93.1%) and Basidiomycota (2.3%-10.1%), among these PFGs (Fig. 2b1, Table S5). At the class
level, a total of 24 fungal taxa were identi�ed (Table S4). The top ten classes constituted 53.9%-95.1% of the total population (one of them was unidenti�ed),
and Leotiomycetes (26.7%-75.1%) was predominant, followed by Sordariomycetes (2.9%-27.0%), Dothideomycetes (4.1%-15.0%), and Tremellomycetes
(1.0%-6.3%). The relative abundances of Pucciniomycetes, Microbotryomycetes, Agaricomycetes, Eurotiomycetes and Pezizomycotina_cls_Incertae_sedis were
less than 1% (Fig. 2b2). Among them, one-way ANOVA showed that there was a difference in some fungal classes between some SPFG samples. Speci�cally,
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ES differed from other SPFG samples (Leotiomycetes, Agaricomycetes and Eurotiomycetes); EC differed from other SPFG samples (Microbotryomycetes); GR
differed from DS, FE and ES (Pezizomycotina_cls_Incertae_sedis); and Leotiomycetes, Agaricomycetes, Eurotiomycete and Pezizomycotina_cls_Incertae_sedis
in ES were different compared with those in TM. However, there was no signi�cant difference between any of the SPFG-loss treatments and TM treatment (Fig.
4).

Bacterial community functions and fungal ecological functional guilds
In this study, we identi�ed eight metabolic functional pathways from bacteria. The most abundant functional pathway was amino acid transport and
metabolism, followed by carbohydrate transport and metabolism and energy production and conversion, and the relative abundances of these three functional
pathways reached over 50% (Fig. 5c). The proportions of metabolic function between some SPFG samples signi�cantly differed according to pairwise
comparisons by t-test (i.e., DS and ES, EC and ES, EC and FE, ES and FE, ES and GR) (Fig. S2a). Furthermore, the results of the t-test indicated that the
proportions of metabolic functional pathways of FE, ES and EC were signi�cantly different compared with those of TM, and in the SPFG-loss samples, only
the proportions of carbohydrate transport and metabolism in GR0 were higher than those in TM (Fig. 5a).

Based on fungal functional guild classi�cations, we distinguished two trophic modes (pathotrophs and saprotrophs), including 11 identi�ed guilds and 1
unidenti�ed guild, and the average relative abundance of unidenti�ed saprotrophs in all PFGs was over 90% (Fig. 5d). Additionally, according to the t-test
analysis, the proportions of fungal functional guilds of some PFGs signi�cantly differed when analysed in pairwise comparisons (i.e., DS and ES, EC and ES,
EC and GR, ES and GR, ES and FE, ES and TM, FE0 and FO0) (Fig. 5d, Fig. S2b).

Relationships between the bacterial community and initial litter quality
The Shannon index was positively correlated with the concentrations of N and DOC (p<0.05), and the Simpson index was negatively correlated with the
concentration of N (Table S5).

The Mantel test showed that the concentrations of N, cellulose, and lignin and the ratios of C:N and C:P in litter were signi�cantly correlated with the structures
of the bacterial community (Table 3). The RDA results indicated that for the composition of bacteria, the �rst two axes explained 53.5% of the variability (RDA 

1 , the x-axis for 46.5%, and RDA 2 , the y-axis for 7.0%). The concentrations of the ratios of C:N and C:P, N, lignin, P, cellulose, TDP, TDN and DOC signi�cantly
in�uenced the bacterial community composition (Fig. 6a). Notably, Alphaproteobacteria and Gammaproteobacteria were the dominant classes,
Alphaproteobacteria was positively affected by the C:P ratio, and Gammaproteobacteria was negatively affected by the C:P
ratio. Flavobacteriia, Spartobacteria and Cytophagia were positively correlated with N, P, DOC, TDP, TDN and cellulose but were negatively correlated with
lignin and the ratios of C:N and C:P. In addition, Betaproteobacteria and Acidobacteria were negatively correlated with N, P, DOC, TDN, TDP and cellulose but
were positively correlated with lignin and the ratios of C:N and C:P.

Regarding bacterial community function, the �rst two axes explained 40.5% of the variability (RDA 1 ,  the x-axis for 39.7%, and RDA 2  , the y-axis for 0.8%). The
concentrations of N, P, DOC, TDP and cellulose and the ratios of C:N and C:P signi�cantly in�uenced the metabolic functional pathways of bacteria. In general,
these eight metabolic functional pathways were negatively associated with the concentrations of N, P, DOC, TDP and cellulose but were positively associated
with the ratios of C:N and C:P (Fig. 6c).

Relationships between fungal community and initial litter quality
The concentration of N was negatively associated with the Shannon and Chao1 indices, but the concentrations of N and DOC were positively associated with
the Simpson index. The concentration of TDP was negatively associated with the Ace value (Table S5).

The Mantel test showed that the concentrations of N, P, and lignin and the ratios of C:N and C:P in litter were signi�cantly correlated with the structures of
fungal communities (Table 3). Regarding fungal community composition, the �rst two axes explained 31.2% of the variability (RDA 1,   the x-axis for 24.6%, and
RDA 2 , the y-axis for 6.6%). Leotiomycetes was the predominant class, and Agarcomycetes, Eurotiomycetes,
Microbotryomycetes and Pezizomycotina_cls_Incertae_sedis showed differences among these PFGs. Among
them, Leotiomycetes and Pezizomycotina_cls_Incertae_sedis were positively correlated with N, P, DOC, TDP and cellulose but negatively correlated with lignin
and the ratios of C:N and C:P, whereas Agarcomycetes, Eurotiomycetes and Microbotryomycetes showed the opposite correlation with the initial litter qualities
(Fig. 6b).

For the functional guilds of the fungal community, the �rst two axes explained 26.5% of the variability (RDA 1 ,   the x-axis for 17.5%, and RDA 2 ,  the y-axis for
9.0%). The fungal functional guilds were signi�cantly affected by the concentrations of N, lignin and P and the ratios C:N and C:P (Fig. 6d). Notably, lignin and
the ratios of C:N and C:P were positively correlated with soil saprotrophs, pathogen-wood saprotrophs, ectomycorrhizal-unde�ned saprotrophs, dung
saprotrophs, wood saprotrophs, animal pathogens and plant pathogens, while N and P were negatively correlated. However, unde�ned saprotrophs showed
the opposite correlation with these initial litter qualities.

Discussion

The impact of SPFG-loss on microbial community
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The marginal impact of SPFG de�ciency on microbial community composition and function is contrary to the �rst hypothesis; there was no difference in the
structures of the bacterial and fungal communities among the SPFG-loss samples and TM (Fig. 1c and d, Fig. 2c and d). We observed that loss of SPFG did
not affect the structure and diversity of microbial communities in leaf litter in a short period, which was consistent with previous studies (Marshall et al., 2011;
Zhang et al., 2011). These results may be due to the time-lag effect (Li et al., 2018). The response of ecosystem function to the loss of PFGs changes over
time (Read et al., 2017), and the microbial community did not change signi�cantly with changes in plant functional groups and abiotic factors when the
experiment duration was relatively short. However, in this study, it can be seen from the diversity indices that the microbial community diversities of SPFGs
were either the same as or higher than that of TM (Table 2). This �nding may be attributed to the fact that the plant biomass inputs and productivity, rather
than the diversity, of FPGs determined the microbial communities (Fanin et al., 2019). Furthermore, according to the mass ratio hypothesis (Grime, 1998), the
characteristics of dominant plants, not species richness, have an impact on ecosystem properties. In this experiment, the diversity and composition of PFGs
were changed, but the initial litter quality characteristics and biomass of leaf litter were not changed, which may result in resistance of microbial communities
to SPFG loss.

The relationship between initial litter quality and microbial community structure and
diversity
According to the initial litter qualities measured by Chen et al. (2021), we found that some initial litter quality parameters were different between the SPFG and
TM treatments, but there was no signi�cant difference in the concentrations of C, N, P, TDN, and TDP and the ratios of C:N and C:P between any of the SPFG-
loss treatments and TM treatment. The trend was similar to the variation in the microbial community among the different PFG treatments. Previous studies
have indicated that the diversity indices and compositions of microbial communities in litter decomposition vary with litter quality (Malosso et al., 2004; Das et
al., 2007; Zheng et al., 2018; Liu et al., 2019a). Indeed, we found that initial litter qualities had the opposite effect on the diversity of bacterial and fungal
communities (Table S5). For instance, compared with the TM sample, the ES sample had higher lignin content and lower N and P contents, the DS samples
had higher N and cellulose contents and lower lignin content, and the fungal diversity of ES and bacterial diversity of DS were both higher than those of TM
(Table 2). Thus, we suggest that for the shift in microbial community diversity among PFGs, the difference in the initial litter parameter of PFGs is more
important than the diversity of PFGs.

The RDA results indicated that the C:N ratio was a determinant of bacterial and fungal community composition and function in litter after two years
of decomposition. In addition, the N, P, cellulose, lignin and C:P ratio were also important factors affecting microbial communities. For instance, the C:P ratio
had a positive effect on Alphaproteobacteria but a negative effect on Gammaproteobacteria (Fig. 6a), and the EC treatment with the highest C:P ratio had the
highest abundance of Alphaproteobacteria and the lowest abundance of Gammaproteobacteria (Fig. 3). In addition, Flavobacteriia require protein-based
organic compounds (Bernardet, 2015); accordingly, the relative abundance of Flavobacteriia was positively affected by N but negatively affected by C:N (Fig.
6a). Chen et al. (2021) reported that there was no signi�cant difference in initial litter quality among SPFG-loss and TM treatments. Hoorens et al. (2010)
revealed that after mixing different PFGs, the positive and negative interactions balance each other. Thus, the similarity of chemical characteristics in mixed
litters may be one of the reasons why the loss of SPFG does not change the structure and composition of the microbial community. However, the
difference in initial C, N, and P stoichiometry among different SPFGs and TM resulted in a change in the relative proportion of dominant species in the
microbial community. Overall, we hypothesized that in alpine ecosystems, the initial qualities of leaf litter based on PFG levels rather than the diversity of
PFGs can be used as an important indicator to predict the microbial community response to vegetation community change in a short period.

Changes in the prevalence of some functions of the microbial community
First, in our study, the composition of microbial metabolic functional pathways of different PFGs did not change (Fig. 5c and d). While the functional
composition of the microbial community is more similar than the microbial species composition under similar environmental conditions (Louca et al., 2016;
Nelson et al., 2016), many microbes with different taxonomic units can perform the same metabolic function (Louca et al., 2018). Thus, the opposite
responses of Alphaproteobacteria and Gammaproteobacteria to the difference in litter quality may be one of the reasons why metabolic function types were
conserved among all PFG treatments in the subsequent analysis.

Second, amino acid transport and metabolism were the major metabolic pathways of the bacterial community, and saprotrophic fungi dominated the fungal
community (Fig. 5c). Wang et al. (2019) revealed that bacteria are rich in amino acid metabolism genes and prefer organic materials with higher N
concentrations (Six et al., 2002). Indeed, in all PFGs, Proteobacteria were the predominant bacteria and mainly decomposed proteins and amino acids
(Schweitzer et al., 2001; Kazakov et al., 2009). Among fungi, saprotrophs are abundant in forest soil (Nguyen et al., 2016; Baldrian, 2017), and some
saprotrophs (i.e., unde�ned saprotrophs, wood saprotrophs) and plant pathogens are the most represented taxa in decomposing wood (Kubartová et al., 2012;
Ottosson et al., 2014). Saprotrophic fungi rely on plant-derived resources via litterfall and rhizodeposition and subsequently play the most important role in
decomposition (Schmit and Mueller, 2007; Fanin et al., 2019; Schmidt et al., 2019). This group includes Ascomycota, which are the dominant fungi
decomposing cellulose and hemicellulose (Pointing and Hyde, 2000; Sánchez, 2009; Zhang et al., 2016), which is consistent with our results.

Moreover, litter traits have impacts on microbial activity and substrate utilization, and microbial functional diversity is largely determined by resource
availability (Hättenschwiler et al., 2005; Gionchetta et al., 2020). These RDA results supported the �nding that the C:N ratio and N content drove the
proportions of bacterial metabolic pathways and fungal ecological functional guilds (Fig. 6c and d). A high C:N ratio promoted the utilization of substrate
nutrients by bacteria but inhibited the abundance of saprophytic fungi during decomposition. Nitrogen metabolism is the main method of material cycling in
litter degradation.
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Conclusion
In conclusion, we found that the initial quality of litter drives changes in microbial community composition and functions. In particular, the initial C:N ratio was
the most important factor controlling microbial community composition, structure and function, which affected the litter decomposition rate and nutrient
cycling e�ciency. At the same time, bacterial and fungal communities had opposite responses to the change in litter quality. A high C:N ratio promoted the
utilization of nutrients by bacteria but inhibited the activities of fungal communities. The loss of SPFG did not change the initial quality, which may be one of
the reasons why the composition and structure of the microbial community did not differ between the SPFG-loss and TM treatments. In addition, the opposite
effect of initial litter quality on the dominant classes of bacterial or fungal communities may be the reason for maintaining the stability of metabolic pathway
types and functional guilds of microbial communities among different PFGs. Thus, we suggest that the microbial community can resist the loss of a SPFG,
which provided alpine ecosystem C and nutrient cycling stability to a certain extent. These �ndings can provide a better understanding of the link between
above- and belowground ecosystems and valuable insights into the roles of microbes in litter decomposition in response to global climate change in alpine
ecosystems.
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Tables
Table 1 The similarity of microbial community composition analysis using analysis of similarities (ANOSIM) based on Binary-Jaccard
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Treatment Bacterial Fungi

R P R P

SPFGs 0.301 0.004 0.423 0.004

loss SPFGs 0.084 0.140 0.017 0.431

Table 2 Diversity and richness of bacterial and fungal communities at Class level among 13 plant functional groups (mean ± SD).

Treatment Group Bacteria Fungi

Shannon Simpson Ace Chao1 Shannon Simpson Ace Chao1

  TM 1.78±0.03abA 0.25±0.01aA 41.17±3.49aA 39.21±1.38aA 0.78±0.31aA 0.67±0.15bA 21.07±2.29aA 17.78±0.64aA

SPFGs EC 1.71±0.08a 0.24±0.03a 37.17±1.64a 37.47±2.36a 1.02±0.03a 0.48±0.02ab 23.67±5.74a 20.50±3.33a

ES 1.72±0.01a 0.27±0.01a 37.90±1.88a 38.14±1.71a 1.61±0.02b 0.28±0.01a 22.40±0.97a 22.00±1.00a

DS 1.95±0.03c 0.21±0.00a 37.67±1.86a 37.52±1.77a 1.05±0.07a 0.44±0.04ab 20.33±3.69a 18.33±2.40a

GR 1.89±0.03bc 0.22±0.01a 39.67±1.20a 39.52±0.91a 0.80±0.08a 0.62±0.04ab 17.72±1.81a 17.17±2.05a

FO 1.99 0.22 44.0 55.0 1.23 0.46 26.08 25.00

FE 1.96±0.04c 0.21±0.02a 36.33±0.33a 36.49±0.29a 0.77±0.17a 0.63±0.11ab 29.41±2.55a 20.50±2.47a

F
value

7.911** 2.056 0.544 0.809 4.589* 3.481* 1.514 0.754

loss
SPFGs

EC0 2.00±0.03A 0.21±0.00A 38.83±0.44A 39.46±0.43A 0.80±0.08A 0.62±0.05A 17.83±1.43A 16.83±0.93A

ES0 1.79±0.04A 0.24±0.01A 35.90±1.02A 36.53±1.32A 1.03±0.15A 0.51±0.08A 18.92±1.47A 17.44±1.79A

DS0 2.00±0.22A 0.21±0.04A 39.00±1.00A 39.06±0.09A 0.88±0.37A 0.63±0.16A 20.89±1.43A 20.44±1.66A

GR0 2.04±0.06A 0.20±0.00A 39.33±0.88A 39.65±1.07A 0.76±0.27A 0.66±0.15A 20.72±1.07A 19.94±0.71A

FO0 2.04±0.07A 0.20±0.00A 38.28±1.30A 39.30±1.78A 0.94±0.59A 0.64±0.23A 17.52±2.07A 16.83±2.09A

FE0 1.85±0.17A 0.23±0.04A 36.13±2.88A 36.69±2.61A 0.66±0.11A 0.73±0.04A 19.88±7.12A 17.50±5.50A

F
value

1.213 1.384 0.929 1.033 0.124 0.186 0.418 0.629

TM: total mixture, EC: evergreen coniferous, ES: evergreen shrub, DS: deciduous shrub, GR: graminoid, FO: forb, FE: fern, EC0: the loss of evergreen coniferous,
ES0: the loss of evergreen shrub, DS0: the loss of deciduous shrub, GR0: the loss of graminoid, FO0: the loss of forb, FE0: the loss of fern. Only one sample
library was built successfully for FO. Lowercase letters indicate signi�cant differences among single plant functional groups and TM, capital letters indicate
signi�cant differences among loss plant functional groups and TM as identi�ed by the Student-Newman-Keuls Q test. One-way ANOVA *p<0.05; **p<0.01. 

Table 3 Mantel test results analysis the bacterial and fungal community structures and initial litter quanlity paramteres 

Initial litter qualities Bacterial community Fungal community

C 0.092 -0.06

N 0.192* 0.310**

P 0.190 0.364**

DOC 0.112 0.059

TDN -0.029 -0.064

TDP  0.013 0.067

Cellulose 0.134* 0.052

Lignin 0.207* 0.189*

C:N 0.299* 0.377*

C:P 0.290* 0.366*

Values in bold indicate statistical signi�cance. Signi�cance levels are shown at *p< 0.05 and **p< 0.01 based on Binary-Jaccard. C: carbon content, N:
nitrogen content, P: phosphorus content, DOC: dissolved organic carbon, TDN: total dissolved nitrogen, TDP: total dissolved phosphorus, C:N the ratio of
carbon and nitrogen, C:P the ratio of carbon and phosphorus.

Figures
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Figure 1

For bacteria, a total of 182 shared bacterial species were detected among the SPFG samples and TM, while 3, 1, 2, 3, and 1 unique species were detected in EC,
ES, DS, GR and TM, respectively (Fig. 1a1). A total of 209 shared bacterial species were detected among the SPFG-loss samples and TM, and only 1 exclusive
bacterial species was detected in GR0 (Fig. 1a2).
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Figure 2

For fungi, a total of 42 shared fungal species were detected among the SPFG samples and TM, 1 unique species was detected in ES, and 1 unique species
was found in TM, in addition to the shared species (Fig. 2a1). A total of 47 shared fungal species were detected among the SPFG-loss samples and TM (Fig.
2a2). The ANOSIM analysis showed that the similarity within the SPFG samples and TM (the R value for bacteria was 0.301, and that for fungi was 0.423)
was lower than that within the SPFG-loss samples and TM (the R value for bacteria was 0.084, and that for fungi was 0.017) (Table 1). Furthermore, the
NMDS plots indicated that the bacterial community structures in EC and ES and the fungal community structures in the ES differed from those in TM (Fig. 1c,
Fig. 2c).
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Figure 3

The relative abundances of Alphaproteobacteria, Gammaproteobacteria and Acidobacteria in EC, Flavobacteriia in ES, Cytophagia in GR and FE, and
Spartobacteria in DS differed from those in TM (Fig. 3). In the SPFG-loss sample, the relative abundances of Alphaproteobacteria and Flavobacteriia in DS0
were different from those in TM.
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Figure 4

Speci�cally, ES differed from other SPFG samples (Leotiomycetes, Agaricomycetes and Eurotiomycetes); EC differed from other SPFG samples
(Microbotryomycetes); GR differed from DS, FE and ES (Pezizomycotina_cls_Incertae_sedis); and Leotiomycetes, Agaricomycetes, Eurotiomycete and
Pezizomycotina_cls_Incertae_sedis in ES were different compared with those in TM. However, there was no signi�cant difference between any of the SPFG-
loss treatments and TM treatment (Fig. 4).
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Figure 5

In this study, we identi�ed eight metabolic functional pathways from bacteria. The most abundant functional pathway was amino acid transport and
metabolism, followed by carbohydrate transport and metabolism and energy production and conversion, and the relative abundances of these three functional
pathways reached over 50% (Fig. 5c). Furthermore, the results of the t-test indicated that the proportions of metabolic functional pathways of FE, ES and EC
were signi�cantly different compared with those of TM, and in the SPFG-loss samples, only the proportions of carbohydrate transport and metabolism in GR0
were higher than those in TM (Fig. 5a).
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Figure 6

The Mantel test showed that the concentrations of N, cellulose, and lignin and the ratios of C:N and C:P in litter were signi�cantly correlated with the structures
of the bacterial community (Table 3). The RDA results indicated that for the composition of bacteria, the �rst two axes explained 53.5% of the variability
(RDA¬1¬, the x-axis for 46.5%, and RDA¬2¬,¬ the y-axis for 7.0%). The concentrations of the ratios of C:N and C:P, N, lignin, P, cellulose, TDP, TDN and DOC
signi�cantly in�uenced the bacterial community composition (Fig. 6a).
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