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Abstract

Aim: An important research question in ecology is how climate and the biodiversity of
aboveground plants and belowground microbiomes affect ecosystem functions such as
nutrient pools. However, littlss studied on the concurrent role of above- and
belowground species compositimnshaping the spatial distribution patterns of
ecosystem functions across environmental gradients. Here, we investigated the
relationships between the taxonomic composition of plants, soil bacteria and soil fungi
and spatial turnoven nutrient poolsassessed hospecies composition-nutrient pool
relationships were mediated by contemporary climatic conditions.

Location: Qinghai-Tibetan Plateau.

Time period: Current.

Major taxa studied: Plants, soil bacteria and soil fungi.
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Methods: We surveyed plant assemblages, sampled the taxonomic composition of soll
bacteria and soil fungi, and measured plant- and soil-mediated nutrient pools at 60 alpine
grasslandsn the Qinghai-Tibetan Plateausing Mantel tests, structural equation

models and general linear modelg inwestigated the relative importance of the

taxonomic composition of plant, soil bacterial, and soil &lmgmmunities on the spatial
turnover of alpine grassland nutrient pools.

Results: We found that the taxonomic composition of plant, soil bacterial, and soil fungal
communities was associated with local climate. However, the effects of local climate on
the spatial turnover of plant- and soil-mediated nutrient pools were mainly indirect and
mediated through plant and soil bacterial species composition, but not through soil fungal
species composition. We further found that the replacement component of soil bacterial
B-diversity and the richness difference of plgstiversity were the direct predictors of
nutrient pools in the alpine grasslands.

Main conclusions: These results highlight that belowground bacterial composition
together with aboveground plant species composition are related to spatial turnover in
nutrient pools, perhaps even driving it. Conserving above- and belowground biodiversity
may therefore safeguard the impacts of local climate on the functions of climate-sensitive

alpine grasslands.

Keywords. Above- and belowground linkages, beta-diversity, Climate change, Dispersal
limitation, Ecosystem functions, Environmental selection, Naturally assembled

communities, Spatial turnover

1 | Introduction

Biodiversity varies from place to place: the number of species at two sites might differ
(i.e., there is variation in local diversity, hereafietiversity), and such difference in
aboveground plants and/or belowground microbiomes influences ecosystem functions
(Delgado-Baquerizo et al., 2020; Schmid et al., 2009; Tilman, Isbell, & Cowles, 2014;
van der Plas, 2019). Similarly, the identities of species might vary from place to place
(i.e., there is variation in species composition, herepftiversity) (Whittaker, 1972),

and that variation in above- and/or belowground species composition might also
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influence ecosystem functions (Burley et al., 2016; Mori, Isbell, & Seidl, 2018). However,
there are few studies on the concurrent role of above- and belowground species
composition in shaping the spatial distribution patterns of ecosystem functions across

environmental gradients (e.g., Jing et al., 2015; Soliveres et al., 2016; Yuan et al., 2020).

Unlike those biodiversity experiments conducted at small scales (see summaries by
Gonzalez et al., 2020), multiple biogeographic processes generate and maintain spatial
variation in species composition among sites across environmental gradients (Engel et al.,
2020; Peay, Kennedy, & Talbot, 2016; Wardle, 2016). For example, spatial variation in
species composition can be determined by stochastic processes (e.g., historical
contingencies, dispersal limitation) (Myers et al., 2013) or by differences in climate and
soil properties (Nottingham et al., 2018). Importantly, to understduyd3-diversity

varies spatially, it is essential to know how the two processes lead to differences in
species composition across environmental gradients (Kraft et al., 2011; Martiny, Eisen,
Penn, Allison, & Horner-Devine, 2011). Such information will also strengthen our ability
to predict the consequences of changes in species composition for ecosystem functions
(Mori et al., 2018).

While a growing number of studies have begun to elucidate mechanisms governing
spatial variation irB-diversity, in particular for belowground taxa (Martiny et al., 2006;
Peay et al., 2016; Xu et al., 2020), ecosystem ecologists have only just begun to explore
whetherp-diversity influences ecosystem functions and services (Burley et al., 2016;
Fukami, Naeem, & Wardle, 2001; Mokany, Burley, & Paini, 2013; Nottingham et al.,
2018; Thompson et al., 2021; Winfree et al., 2018). Most studies to date havedfmtus

the B-diversity ofasingle trophic level (typically primary producers) and its influence on
spatial variation in individual ecosystem functions. Notably, only a few studies have
exploredhow B-diversity in any trophic level influences spatial turnover in multiple
ecosystem functions (i.e., differences in multiple ecosystem function among sites) (Mori
et al., 2018). For example, Pasari, Levi, Zavaleta, and Tilman (2013) foumpdathds-
diversity reduced the variability, but not the mean, of multiple ecosystem functions in a

local-scale grassland biodiversity experiment. When climate and soil properties were
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statistically controlled for, MartineAlmoyna et al. (2019) found that only tRediversity

of soil saprophytic fungi was significantly associated with the spatial turnover of multiple
ecosystem functions along an elevational gradient. In contrast, Mori et al. (2016) found a
highly positiveeffect of soil fungal B-diversity on spatial turnover in multiple forest
ecosystem functions at landscape scale, while Jing et al. (2021) found spatial turnover in
multiple grassland functions is driven mbxeplant B-diversity than by soil fungal

diversity at a continental scale. While these studies do not provide consistent findings,
there are strong indicators that some abiotic processes are responsible for shaping the
biogeographic patterns of above- and belowground species composition that are also
important for shaping the spatial distribution patterns of ecosystem functions across
environmental gradients and spatial scales (Burley et al., 2016). Specifically, abiotic
processes may directly influence the spatial turnover of ecosystem functions (Graham et
al., 2014). For example, changes in climate and land use intensity have stronger effects
on plant-mediated ecosystem functions than soil-mediated ecosystem functions (Peters et
al., 2019). Meanwhile, abiotic processes may indirectly influence spatial turnover in

multiple ecosystem functions through altering above- and belowground species

composition (Barnes et al., 2016; Jing et al., 2021; Mar#klemoyna et al., 2019; Yuan

et al., 2020).

Here, we are most interestedBhdiversity in both above- and belowground communities,
why it varies spatially, and what its variation might mean for multiple ecosystem
functions. Our aim is therefore to investigate the relative importance of aboveground and
belowground species composition on the spatial turnover of plant- and soil-mediated
nutrient pools [i.e., surrogates for ecosystem functions that is defined as stocks of
energy/matter representing the long-term effects of biological processes (Garland et al.,
2021)]. We assemétia regional-scale dataset from 60 sites in the alpine grasslands of
the Qinghai-Tibetan Plateau. In previous studies, climate change and soil acidification,
more so than human activities, have been identified as two important aspects of global
change drivers in many alpine natural grasslands, including the ones studied here (Dong,

Shang, Gao, & Boone, 2020; Yang et al., 2012). Climate change and soil acidification
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also mediate the relationship betweediversity and spatial variation in multiple

ecosystem functions (Jing et al., 2015; Ma et al., 2010). In the present stektend

our research to examine the linkages among plant, soil bacterial and soilffungal

diversity to plant- and soil-mediated nutrient pools, and examine how those relationships
depend on geography, climate, and soil pH. We ask three explicit questions: (i) Do soll
bacterial and soil fungal taxa follow the same spatial patterns as plant species, and which
factors - geography, climate, or soil pH - determine spatial variations in plant and soil
microbial species compositiBifii) Do plant- and soil-mediated nutrient pools have
geographic patterns and, if so, which factors - geography, climate, or soil pH - determine
the geographic patterns? (iiiokt do plant and soil microbial B-diversity compare to

these abiotic factors in predicting the spatial turnover of plant- and soil mediated nutrient

pools, and how these biotic and abiotic effects varied with spatial scale?

2| Methodsand Materials

2.1 | Study sites and data collection

We used an observational dataset from alpine grasslands on the Qinghai-Tibetan Plateau,
China (Jing et al., 2015l brief, soil sampling and plant community surveys were
conducted at 60 sites in 2011 (Fig. S1). Three plotsX1lmim) were established along a
1004 transect at each site. A total of 180 plots were surveyed over 40 days in the field
between late July and late August. To track the peak-growing season of the alpine
grasslands, field work generally followed a sampling order from low elevation sites to

high elevation sites ranging from 2918 m to 5228 m above sea level. The sampling design
thus minimizes the influence of seasonal differences from the sampling of early samples
to the sampling of late samples on soil sasphd plant community survey. In addition,

study sites were selected to reduce the influence of grazing and other anthropogenic
disturbances on soils and plant communities. The sampling sites were in one of the three
typical alpine vegetation types (alpine meadow, alpine steppe, and desert steppe) and in
one of the 11 soil types (brown pedocals, castanozems, chernozems, cold calcic soils,
dark felty soils, felty soils, frigid calcic soils, frigid frozen soils, grey-brown desert soils,

grey-cinnamon soils, and meadow soils; Genetic Soil Classification of China). The mean
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annual temperature ranges from —5.6 to 3.5°C and mean annual precipitation ranges from

110 to 552 mm yt (data source: WorldClim version 2, http://www.worldclim.org).

Plant communities were surveyed along the 100-m transect at each site. Aboveground
live plant biomass was collected from the same vegetation survey plot and drié€at 60
to a constant mass. Since the vegetation surveys were conducted in the peak-growing
season, we considered the aboveground live plant biomass as the annual aboveground
productivity (Shi et al., 2013), which ranges from-281 g n¥ yr* (averaged over three
plots per site) across the 60 sampling sites. Vascular plants were identified to species.
Percent cover for each species was visually estimated \eglginl mx 1 m plot per site

in the field. Plant species were pooled over three plots at each site at the stage of data
analysis, which led to-28 species per site adé3 species across all of 60 sampling

sites. Since the visually estimated plant cover data were subjective (Damgaard & Irvine,
2019), we used sitlevel plant species presence/absence data for all subsequent
community data analysis. Plant N and P contents were measured using the samples of
aboveground live plant biomass that were dried &06@ a constant mass. Plant N (%)
were measured using a CHN element analyzer (2400 1l CHN element analyzer,
PakinElmer, MA, USA). Plant P (%) was measured by the molybdenum blue method
using an ultraviolet-visible spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan).

Soil samples (five to seven soil cores, 5 cm in diana@fS and 5—10 cm soil depths)

were collected from the vegetation survey plot, homogenized, and shipped in portable
refrigerators to the laboratory for later use. Since soils in 10% of the sampling sites were
shallow (0-10 cm), we measured soil abiotic and biotic properties to the top 10 cm soil
depth. Due to the costs of laboratory assays, soil total P, available N and microbial
molecular sequencing were measured only in the top 5 cm soil depth. Specifically, soil
pH was measured using a pH probe (5220, Mettler-Toledo, Switzerland) in a 1:5 ratio of
air-dried soil to deionized water. Root samples were collected by soil cores (7 cm in
diameter, six soil cores per plot on averag®)-5 cm and 510 cm soil depths. Root
samples from the same soil layers were pooled by plot and stored in nylon mesh bags,

washed using a sieve (0.5 mm in mesh size) and air-dried in the field. Roots were then
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oven-dried at 65C to a constant masand weighed for biomass in the lab. Live root
biomass (g M) for each plot was calculated by taking the sum of root biomass density

for the sampled top 10 cm soil depth and corrected with a ratio of 56% for dead root
biomass (Jing et al., 2015). Soil total C was measured using a CHN element analyzer
(2400 Il CHN element analyzer, PerkinElmer, MA, USA). Soil inorganic C (Ga@as
measured using a Calcimeter (Eijkelkamp, Netherland). Soil organic C was calculated as
the difference between soil total C and inorganic C. Soil total N and P (%) were
measured using the same methods as the measurements of plant N and P. The density of
soil organic C, soil total N and soil total phosphorus (i.e., carbon and nutrient stocks g
cm®) was calculated taking into account soil depth, bulk density, carbon/nutrient
concentration and the percentage of rock fraction (see Chen et al., 2017 for details of the
edimation). Soil available inorganic and organic N (the sum of ammonium, nitrate and

dissolved organic N) was measured using a TOC-TN analyzer (Shimadzu, Kyoto, Japan).

Soil DNA was extracted from 0.5 g soil samplstered at —80 °C prior to DNA

extractior) by using the FastDNA Spin kit (Bio 101, Carlsbad, CA, USA) according to
the instructions of manufacturer astdred at 40 °C until sequencing analysis. The V4-
V5 hypervariable regions of bacterial 16S rRNA genes were amplified using the

universal primer sets: 515 forward-GTGCCAGCMGCCGCGG-3 with Roche 454 A
pyrosequencing adapter and a unique 7 bp barcode sequence, and 907 reverse (5

CCGTCAATTCMTTTRAGTTT-3) with the Roche 454 B sequencing adapter. The ITS2

between the 5.8S and 28S rRNA genes were amplified for soil fungi using the universal

primer sets: ITS3 forward (&CATCGATGAAGA

ACGCAGC-3) and ITS4 reverse @CCTCCGCTTATTGATATGC-3). A 50 ul PCR

reacton mixture (25 pl 2 x premix (TaKaRa, Shiga, Japam)5 ul 20 mM forward primer,
0.5 ul 20 mM reverse primer, 2 pl 25 ng pI™> DNA template and 22 pl double sterile watey
of 16S rRNA gene amplification was performed in triplicate under the following
conditions: 30 cycles of denaturation at’@4for 30 s, annealing at 5& for 30 s,
extension at 72C for 30 s and a final extension at®2for 10 min.A 20 ul PCR
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210  reactbn mixture (0.4 ul FastPfu Polymerase (TransGen Biotech, Beijing, China), 2 ul 5

211  ng ul'l DNA template, 0.8 pul 5 uM forward primer, 0.8 pl 5 uM reverse primer, 1.2 ul 20

212 mg ' TaKaRa BSA, 4 pl 5 x FastPfu buffer, 2 pl 2.5 mM dNTPs and 8.8 pl sterile water)

213 of ITS2 rRNA gene amplification was performed under the following conditions: one

214  cycle of initialization at 95C for 3 min, 38 cycles of denaturation at°@for 30 s,

215 annealing at 558C for 30 s, extension at 72 for 45 s and a final extension at “2for

216 10 min. The triplicate PCR products of soil bacteria were combined and purified with a
217 TaKaRa agarose gel DNA purification kit and quantified in a NanoDrop ND-1000

218  spectrophotometer (Thermo Scientific, Omaha, NE, USA). Different sequencing

219 technologies were used to estimate the community composition of soil bacteria and soil
220 fungi. Specifically, soil bacterial samples were sequenced on the Roche FLX454

221  pyrosequencing instruments at the Beijing Genomics Institute (BGI-Shenzhen, China),
222 and soil fungal samples were sequenced on the lllumina MiSeq instruments (lllumina

223 PE250, San Diego, CA, USA) at the Novogene Bioinformatics Technology Co., Ltd.

224  (Beijing, China). Note that different sequencing technologies may lead to technical biases
225 in quantifying bacterial and fungal communities (Ramirez et al., 2018).

226

227  Soil bacterial and fungal sequence data were processed using the Quantitative Insights
228 Into Microbial Ecology (QIIME) pipeline (version 1.9.(Caporaso et al., 2010)

229  following the protocols presented by Jing et al.(2015), Ladau et al.(2018) and Yang et

230 al.(2017). In brief, soil bacterial sequences < 200 bp in length, average quality score < 25
231 and ambiguous characters were excluded. Sequences were then filtered to remove error
232 sequences and chimeras using USEARCH algorithm (Edgar, 2010). The remaining

233  sequences were assigned to cluster using UCLUST method (Edgar, 2010) and assigned to
234  OTUs based on a minimum threshold of 97% similarity. All singletons were removed

235  before soil bacterial community data analysis, which resulted in 65,874 OTUs and

236 926,609 sequences in total, 5,837 OUTs per site on average (min = 2,975 OTUs and max
237 =7,280 OTUs) and 15,443 sequences per site on average (min = 11,062 sequences and
238 max = 23,602 sequences). Soil fungal sequences < 280 bp in length, average quality score
239 < 30 and ambiguous characters were excluded. Flanking large ribosomal subunit (LSU)

240 and 5.8S genes and chimeras were also removed using ITSx (versioh(Bérptsson-
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Palme et al., 2013) and UCHIME program (Edgar, Haas, Clemente, Quince, & Knight,
2011), respectively. The remaining sequences were assigned to cluster using UCLUST
method (Edgar, 2010) and assigned to OTUs based on a minimum threshold of 97%
similarity. All singletons were removed before soil fungal community data analysis,

which resulted in 14,207 OTUs and 11,576,489 sequences in total, 3,725 OUTSs per site
on average (min = 2,722 OTUs and max = 4,767 OTUs) and 192,941 sequences per site

on average (min = 123,753 sequences and max = 341,014 sequences).

Mean annual temperature (BIO1) and mean annual precipitation (BIO12) were obtained
from the WorldClim bioclimatic dataset (version 2.0; available from

http://www.worldclim.org). The 30 arc-second resolution (~ 1 km at the equator) climate

data for the period of 1950000 were used to estimate the spatial variation in climate for
the 60 sampling sites. Climate data were extracted using the World Geodetic System
1984 (WGS-84).

2.2 | Quantifying geographic and environmental distances

We calculated pair-wise great circle geographic distance (unit, km) using the geographic
locations of sampling sites. Mean annual temperature and mean annual precipitation were
two main factors influencing spatial variation in pland soil microbial a-diversity and
individual ecosystem functions in the study areas (Jing et al., 2015; Ma et al., 2@10). W
used the two climate variables as indicators of climatic differences among sites. A third
variable (soil pH) was included to account for site differences in environmental

conditions for plant and soil microbial communities (Jing et al., 2021). We standardized
the three environmental variables by z-score (Peters et al., 2019). We calculated climatic
and soil pH distances using the Euclidean distance (i.e., the square root of the sum of

squared differences between environmental variables for any given two sites

2.3 | Quantifying B-diversity
B-diversity in this study was defined as the directional species compositional turnover
along environmental gradients and was measured based on the pair-wise dissimilarity

between communities (Anderson et al., 2011). Soil bacterial and fungal community data,
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i.e., the OTU table, were rarefied at 11,000 and 123,000 reads per sample, respectively.
We first estimated totdd-diversity using Sorensen index. It is a simple measure of
differences in species composition between communities by considering the number of
species common in two communities and the number of species unique to each
community. e then additively decomposed the Sorengeliversity index(total -

diversity) into two complementary indices, i.e., richness difference (differences in species
richness between communities) and replacement (species turnover/changes in species
identity between communities along environmental gradients) (Legendre, 2014; Podani &
Schmera, 2011). The beta.div.comp function (Legendre, 2014) was used to compute the
Sorensen index, the richness difference, and the replacement of Sorensen index. Since the
abundanceéased pB-diversity metric is commonly used in microbial ecology, we

computed the Bray-Curtis dissimilarity for soil bacteria and soil fungi.

2.4 | Quantifying spatial turnover in nutrient pools

Eight indicators of ecosystem functions were sekkcthese indicators included four
plant-mediated nutrient pools (i.e., aboveground plant biomass, root biomass,
aboveground plant N and plant P) and four soil-mediated nutrient pools (i.e., soil organic
C, soil available N, soil total N and soil total P). Note that these indicators are not direct
measures of fluxes of energy and matter (e.g., decomposition, carbon sequestration,
nitrification and nutrient recycling) that are often defined as true ecosystem functions
(Farnsworth, Albantakis, & Caruso, 2017; Jax, 2005) and recommended to measure in the
field of multifunctionality (Garland et al., 2021). However, the eight indicators of
ecosystem functions considered are generally more associated with changes in
biodiversity than these direct measures of fluxes of energy and matter (Schmid et al.,
2009) and are often considerasimportant properties determining ecosystem functions

in numerous studies (e.g., Allan et al., 2013; Hautier et al., 2018; Hu et al., 2021, Jing et
al., 2015; Liu, Chang, Power, Bell, & Manning, 2021; Peters et al., 2019; Zhang et al.,
2021) that were especially relevant to the net balance of inputs and outputs of energy and
matter in the long term (Garland et al., 2021; Manning et al., 2018). In brief, the eight
indicators were used to reflect basic nutrient pools of the alpine grasslands (Table S1).

Here, we refer to these indicators as nutrient pools for simplicity, but we refer to the
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synthetic review by Garland et al. (2021) for more insights into the debate and research
progress on selecting indicators for ecosystem functions (process rates, nutrient pools vs.
ecosystem properties). We calculated the pair-wise Euclidean distance to estimate the
spatial turnover of plant- and soil-mediated nutrient pools. Indicators of nutrient pools
were standardized by z-score prior to computing the Euclidean distance (Mori et al., 2016;
Peters et al., 2019Ve assigned equal weights within groups of plant- and soil-mediated
nutrient pools because we found only strong autocorrelations among indicators of soil-
mediated nutrient pools, but not among indicators of plant-mediated nutrienbpools
between indicators of plant- and soil-mediated nutrient pools (Table S2). Since spatial
turnover in nutrient pools was derived from the Euclidean distance (i.e., the square root
of the sum of squared differences between nutrient pools for any given two sites), the
approach considered here cannot assess the compromises of the losses of some nutrient
pools and gains in others. In other words, investigators might use the schematic analysis
of diversity-function relationships to address the question whethetites with high -

diversity have higher overall functioning at different spatial scales (e.g., Box 1 in Mori et

al. (2018): functions provided at the plot vs. landscape levels).

2.5 | Statistical analyses

We used a distance approach (Tuomisto & Ruokolainen, 2006), i.e., simple Mantel tests
to examine the associations of geographic distance, climatic distance and soil pH distance
with above-and belowground p-diversity as well as the spatial turnover of plant- and
soil-mediated nutrient pools. To examine whether the associations of abiotic factors with
B-diversity were context dependent, we performed partial Mantel tests. For example, we
controlled the influences of climatic distance, soil pH distance or both when we assessed
thebivariate associations between geographic distance and B-diversity. We used the same
appro&h as above to assess the associations of abiotic faatbfsdiversity with the

spatial turnover of plant- and soil-mediated nutrient pools. We used 9,999 permutations

for each Mantel test.

We used structural equation models (SEMs) to compare the direct and indirect effects of

biotic and abiotic factors on spatial turnover in nutrient pools. Two assumptions were
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applied to the framework of SEM.) @eographic, climatic and soil pH distances that are
proxies for historical and contemporary environmental factors (Martiny et al., 2006;
Shade et al., 2018; Xu et al., 2020) directly and indirectly affected plant- and soil-

mediated nutrient pools through changes in plant and soil micfabiakrsity (Burley et

al., 2016; MartineAlmoyna et al., 2019)and (i) soil microbial B-diversity was

influencedby aboveground plant B-diversity (Leff et al., 2018; Prober et al., 2015). We
excluded pathways that had nonsignificant direct effects on plant- or soil-mediated
nutrient pools and pathwathat had weak associations, e.g., soil pH distance and plant
B-diversity. In addition, we included two residual correlations between soil bacterial and
soil fungal B-diversity, and between plant- and soil-mediated nutrient pools. Since the
indicators associated with plant- and soil-mediated ecosystem functions can be
considered factors that drive plant and soil microbial diversity (van der Plas, 2019), we
conducted an alternate SEM by switching the direction of pathways and examined the
effects of plant- and soil-mediated nutrient paaigplant and soil microbial B-diversity.

If the variationof B-diversity (i.e., Rvalues) increased substantially in the alternate SEM,
we therefore expected that these plant- and soil-mediated nutrieninfoeisced -

diversity and not the other way around. We performed the significance tests for path

coefficients using a bootstrap procedure with 9,999 random sampling as presented by

MartinezAlmoyna et al. (2019). Since thé statistic is not suitable for the evaluation of

global model fits when the sample size is large (n = 1770 in this study), we considered
four alternative indices, including Akaike information criterion (AIC, the lower, the
better), comparative fit index (CFI > 0.90), root mean square error of approximation
(RMSEA < 0.05) and standardized root mean square residual (SRMR < 0.10) (see
summaries by Grace, 2020). All Mantel tests and SEMs were conducted using Sorensen
index for plants and Bray-Curtis dissimilarity for soil bacteria and soil fungi because
these metrics are more associated with spatial turnover in nutrient pools than the
replacement and richness difference of Sorensen isg@eX dble S3 for sensitivity

analysi3.
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363  To determine whether the effects of abiotic and biotic predictors on spatial turnover in
364 plant- and soil-mediated nutrient pools varied with spatial scales, we used linear

365 regression models with permutation tests. The linear regression models included

366 geographic distance, environmental distance (i.e., climate and soil pH), and the

367 replacement and richness difference components of plant, soil bacterial and soil fungal 8-

368  diversity. Since replacement is highly associated with richness difference (Legendre,
369 2014), we separately conducted the linear regression models for the two indices. To

370 estimate the relative strength of predictors, variables were standardized by z-score. The
371 procedure of linear regressions was performed by varying the spatial extent of

372  investigated alpine grasslands from 20 km to 1000 km. In other words, the analysis was
373  run on all sites at distances of 0-20 km, 0-40 km, 0-60. km-1000 km.

374

375  All statistical analyses were performed in R version 3.6.1 (R Development Core Team,
376  2019) using data aggregated at site level, i.e., pooling species by sites or taking the mean
377  of values for soil pH and indicators of nutrient pools at each site. We used permutations
378 throughout all the statistical analyses to address the non-independent observations in
379  distance matrices (Dietz, 1983). Climate data were extracted from the WorldClim

380 database using the raster package (Hijmans, 2021). Geographic distance was calculated
381 using the‘rdist.earth’ function in the fields package (Furrer, Nychka, & Sain, 2015) and
382  environmental distance and the spatial turnover of nutrient pools usinijsthaece’

383 function in the ecodist package (Goslee & Urban, 2007). The simple and partial Mantel
384  tests were performed using thmantel” function in the ecodist package (Goslee & Urban,
385  2007), SEM using the lavaan package (Rosseel, 2012), and linear regression models
386 using the ImPerm package (Wheeler, Torchiano, & Torchiano, 2016).

387

388 3| Results

389  3.1| Biogeography of plant, soil bacteria and soil fungi

390 Plant, soil bacterial and sdilngal B-diversity were all positively associated with

391 geographic, climatic and soil pH distances (Fig. 1), suggesting that variation in soll

392  microbial community composition is shaped by the same suite of factors considered in

393 this studyasthat in plant communities. However, there were differences in the relative
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importance of each of these abiotic factors. Specifically, climatic distance was
moderately correlated with plagtdiversity (Spearman correlation coefficient, hereafter

p = 0.44), soil bacteriap-diversity (p = 0.48) and soil fungap-diversity (p = 0.41) (Fig.

la). Theebivariate associations were retained when geographic and soil pH distances
were statistically controlled (Fig. 1b). Furthermore, we found that soil pH distance was
moderately correlated with sdihcterial B-diversity (p = 0.42) but was weakly correlated

with plant (p = 0.12) and soil fungal B-diversity (p = 0.16) (Fig. 1a). When we controlled

the influences of geographic and climatic distances, the significant bivariate associations
were retainetetween soil pH and soil bacterial B-diversity, while the bivariate

associations became weak for plgsdiversity or soil fungl g-diversity (Fig. 1b). In

contrast, geographitistance was more correlated with soil fungal B-diversity than

climatic distance even though we controlled environmental covariates, i.e., differences in

climate and soil pH (Fig. 1a-b).

3.2 | Geography of plant- and soil-mediated nutrient pools

Plant- and soil-mediated nutrient pools were driven by geography, climate, and soil pH
(Fig. 2). However, the main factors influencing the geographic patterns of plant- and soil-
mediated nutrient pools were different. Specifically, we found that climatic distance was
weakly associated with plant- mediated nutrient pools while moderately associated with
soil-mediated nutrient pools (all eight indicatofsutrient pools, hereafter ovdirgp =

0.30; plant-mediated nutrient popts= 0.17; soil-mediated nutrient pogls = 0.30; Fig.

2a), even if geographic distance and soil pH distance were statistically controlled for (Fig.
2.b). The associations between plant-mediated nutrient pools and geographic distance
wereasstrongasthose with climatic distance (all casps; 0.17) (Fig. 2a-b). Finally,
soil-mediated nutrient pools was always more likely associated with soil pH distance than

with geographic and climatic distances (Fig. 2).

3.3 | B-diversity and nutrient pool relationships
We asked whether these abiotic factors - geographic, climatic and soil pH distances -
would alter the relationship between B-diversity and spatial turnovar nutrient pools. To

test this ideawe compared the effects of B-diversity on these plant- and soil-mediated
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425  nutrient pools before (Fig. 3a) and after (Fig. 3b) controlling for geographic, climatic and
426  soil pH distances. We found thaant B-diversity was moderately associated with the

427  spatial turnover of overall and soil-mediated nutrient pools while weakly associated with
428  plant-mediated nutrient pools (overalk= 0.35; plant-mediated nutrient pogjs= 0.20;

429  soil-mediated nutrient poqlp = 0.38; Fig. 3a). 8il bacterial B-diversity was also

430 moderately associated with the spatial turnover of overall and soil-mediated nutrient
431  pools while weakly associated with plant-mediated nutrient pools (ovyerall,37,

432 plant-mediated nutrient pools = 0.16; soil-mediated nutrient pogls = 0.43; Fig. 3a).

433  Thesebivariate associations were retained when geographic, climatic and soil pH

434  distances or their combinations were controlled for (Fig. 8#).fungal B-diversity was

435  only positively associated with soil-mediated nutrient pools when geographic, climatic
436  and soil pH distances were simultaneously controlled for (Fig. 3b).

437

438 3.4 | Theimpactsof abiotic factorson B-diversity and nutrient pool relationships

439  Spatial turnover in plant-mediated nutrient pools was weakly correlated with spatial

440 turnover in soil-mediated nutrient pools (residual correlation coefficiend.12) (Fig.

441  4). This result thus supports classifying plant- and soil-mediated nutrient pools separately
442  which suggests spatial turnover in plant-mediated nutrient pools are weakly associated
443  with spatial turnover in soil-mediated nutrient pools. The structural equation model (AIC
444 = 31,684) explained 23% and 6% of the variance in the spatial turnover of soil- and plant-
445  mediated nutrient pools, respectively (Fig. 4; Table S4). Specifically, [pldinersity

446  had slightly stronger direct effects on both plant- (standardized path coeffigignt,

447  0.13) and soil-mediated nutrient pogls{= 021) than didsoil bacterial B-diversity @stq

448 = 0.07 for plant-mediated nutrient pools gtyd = 0.14 for soil-mediated nutrient popls

449  or soil fungal B-diversity @s.a=—0.06 for plant-mediated nutrient poolgFig. 4; Table

450  S4). In addition, the effectsf plant B-diversity on soil bacterial B-diversity (s = 041;

451  Fig. 4; Table S4) were greater than thoseahfungal -diversity @sqq = 0.31; Fig. 4;

452  Table S4)Soil bacterial B-diversity was moderatebssociated with soil fungal B-

453  diversity (r = 0.47; Fig. 4). We found that the alternate structural equation model did not
454  substantially increase thé Ralues for plant and soil microbial B-diversity (Fig. S2).

455  However, the alternate structure equation modeldtagher AIC value (AIC = 31,698
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vs. 31,684) (Tables S4 and S5) suggesting that plant- and soil-mediated nutrient pools
were more likely driven bf-diversity.

We found that the magnitudes of the effectg-diversity on spatial turnover in plant-

and soil-mediated nutrient pools varied across spatial scales (Fig. 5). At relatively small
scales (e.g., < 200 km), plant replacement av@®re important (or at least as imporjant
predictor of spatial turnover in plant-mediated nutrient pools than was soil bacterial
replacement. At relatively large scales, we found moderately strong effects of soill
bacterial replacement on spatial turnover in overall and soil-mediated nutrient pools
while weak effects of soil bacterial replacement on spatial turnover in plant-mediated
nutrient pools (Fig. 5; Table $6-urther, we found that richness difference was the less
important driver of spatial turnover in plant- and soil-mediated nutrient pools than
replacement, geographic, climatic and soil pH distances (Figs. 5 and S3). However, we
found a stronger effect of plant richness difference than soil microbial richness difference
on spatial turnover in plant- and soil-mediated nutrient pools at relatively large scales
(e.g., > 200 km) (Fig. 5; Table S6).

4 | Discussion

This study investigates how above- and belowground species composition concurrently
connected with spatial turnover in plant- and soil-mediated nutrient pools in the alpine
grasslands on the Qinghai-Tibetan Plateau, and pinpoints changes in plant and soil
bacterial species composition that are directly associated not only with soil-mediated
nutrient pools, but also with plant-mediated nutrient pools. The abiotic factor most
consistently associated with the B-diversity of plants, soil bacteria and soil fungi was
climate, while the influences of climate on plant- and soil-mediated nutrient pools was
mostly indirect, and through changes in plant and soil bacterial species composition. We
discuss these findings in the context of plant and soil microbial biogeography with a
focus on species composition-ecosystem function relationships across environmental

gradients.
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4.1 | Do soil bacterial and soil fungal taxa follow the same spatial patternsas plant

species?

Overall, despite both macro- and micro-organisms exhibiting similar biogeographic
patterns in B-diversity (Martiny et al., 2006; Shade et al., 2018), the processes that
generate and maintain those biogeographic patterns depend on the taxa considered. Our
results suggest that plant and soil microbial communities were not randomly distributed
nor randomly assembled (De Laender et al., 2016; van der Plas, 2019). Put another way,
species composition is similar when sites are close to one another or, regardless of
distance between them, because they share similar environmental conditions such climate
and soil pH. Among the three abiotic factors (geography, climate, and soil pH), we found
that localclimate consistently influenced the biogeographic patterns of aboveground
plants and belowground microorganisms. This finding suggests that contemporary
climatic conditions are one of the most important environmental filters causing changes
in above- and belowground species composition in the alpine grasslands on the Qinghai-
Tibetan Plateau. However, in addition to the impacts of climate, our findings have
important implications for soil microbial communities. For example, we found

moderately strong bivariat8sociations between soil bacterial -diversity and

differences in soil pH (Fig. 1Jhis results suggest that the ongoing soil acidification in
many Chinese grasslands (Yang et al., 2012) may lead to dramatic shifts in soil bacterial
community composition. However, soil fungal communities are less influenced by soil

pH because of their high tolerance to changes in acidic conditions (Rousk et al., 2010). In
contrast, geographic distance was highly associatecswiltfungal B-diversity in

addition to climatic distance (Fig. 1a-b). This suggests that the spatial turnover of soil
fungal composition is more likely influenced by dispersal limitation than the spatial
turnover of plant and soil bacterial community composition. Therefore, although the
biogeographic patterns are similar among taxa examined in this study, the processes that
gener#e above- and belowground communities are not the same. This incongruence has
rarely been considered in studies of biodiversity and ecosystem function relationships
that were implemented by simultaneously manipulating levels of above- and
belowground biodiversity (Eisenhauer, 2011; Naeem, Thompson, Lawler, & Lawton,
1994; Scherber et al., 2010).
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4.2 | Do plant- and soil-mediated nutrient pools have geogr aphic patter ns?

Our results highlight that those abiotic factors, e.g., climate and soil pH, were important
for predicting the spatial variation in the turnover of plant- and soil-mediated nutrient
poolsin the Qinghai-Tibetan alpine grasslands. Previous work in the same alpine
grasslands has shown that climate and soil properties were key predictors of plant
aboveground productivity (Ma et al., 2010) and multiple grassland ecosystem functions
(Jing et al., 2015). Unlike these studies, our work provides the first evidence that the
magnitudes of the effects of abiotic factors on plant- and soil-mediated nutrient pools
were different. For example, the spatial turnover of plant-mediated nutrient pools was
influenced more by geographic and climatic distances than by soil pH didtance.
contrast, soil-mediated nutrient pools were more associated with soil pH than with
geographic distance. Taken together, these findings suggest that the factors that influence
geographic patterns of plant-mediated nutrient pools were the same as those that
influence patterns of plants and soil fungi, while those of soil-mediated nutrient pools
were the same as soil bacteria. However, in the following discussion we show that the
influences of abiotic factors on the spatial turnover of plant- and soil-mediated nutrient

pools are mostly indirect.

4.3 | How do abiotic factors mediate the effects of p-diversity on spatial turnover in
nutrient pools?

A recent meta-analysis reported thateffects of biodiversity (in this case, a-diversity)

on ecosystem productivity remained strong after the effects of environmental covariates
were controlled (Duffy, Godwin, & Cardinale, 2017). However, unlike the predictions of
this meta-analysis, our work suggests that when more abiotic factors were controlled, the
effects of plant and soil bacterial B-diversity on spatial turnover in nutrient pools became
weaker (Fig. 3b), which is true for théfects of plant diversity (a-diversity) on

aboveground plant productivity in the Qinghai-Tibetan grasslands (Ma et al., 2010). We
found that the effects of covariates were particularly not negligible for s@ulf3-

diversity. That is, the effects of soil fungal B-diversity on spatial turnover in plant-

mediated nutrient pools disappeared when both geographic and climatic distances were
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controlled (Fig. 3b). Our results therefore do not support the finding that the highly
positive associationsf soil fungal B-diversity with spatial turnover in ecosystem
functions remained significant, which was found in a landscape-scale study in forest

ecosystems (Mori et al., 2016).

An increasing number of studies show that soil fungal and bacterial diversity consistently
and interactively promote a wide range of soil- and plant-mediated ecosystem functions,
such as decomposing organic matter and enhancing plant nutrient uptake and growth
(Delgado-Baquerizo et al., 2020; van der Heijden, Bardgett, & van Straalen, 2008).
However, contrary to our expectation, althougti fungal B-diversity was highly

correlated with soil bacterial B-diversity, soil fungal B-diversity had weak effects on both
spatial turnover in plant- and soil-mediated nutrient pools in the Qinghai-Tidlpiaa
grasslands (Fig. 4). One explanation is that large changes in soil fungal composition may
be associated with small changes in ecosystem functions, i.e., functional redundancy

(MartinezAlmoyna et al., 2019; Peay et al., 2016; Talbot et al., 2014). Previous work has

shown that functional redundancy may arise because of functional homogenization due to
disturbance by exotic species (Peay, Dickie, Wardle, Bellingham, & Fukami, 2013). Here,
however, functional homogenization was not one of the main driving factors because the
study sites are relatively undisturbed natural alpine grasslands with little documented
impacts of exotic species or direct impacts by humans (Jing et al., 2015). In the Qinghai-
Tibetan grasslands, belowground microorganisms generally adjust their activities to the
stressful environments, such as low annual temperature, high climatic seasonality, and
short growing season (Jing et al., 2014; Wang et al., 2014). As a result, these adaptive
strategies may lead to a high degree of functional redundancy of soil fungal communities
across the unique and stressful environmental conditions in these (and similar) alpine

grassland ecosystems.

Among the three abiotic factors, soil pH distance had significant effects on soil-mediated
nutrient pools but not on plant-mediated nutrient pools, while climatic distance had
slightly positive effects on both plant- and soil-mediated nutrient pools (Fig. 4; Table S4).
As shown in the structural equation model, the effects of abiotic factors were mainly
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indirect through changes in abowad belowground p-diversity (Fig. 4). Specifically,
abiotic factors accounted for 49%, 33% and 22% of the variance in soil bacterial, soil
fungal and plant B-diversity, respectively (Fig 4). Climatic distance had the strongest

effects on p-diversity both above- and belowground, which indirectly affected spatial

turnover in nutrient pools. These findings are supported by an earlier study of Martinez

Almoyna et al. (2019), who found that spatial variation in climate indirectly, rather than
directly, affected spatial turnover in multiple ecosystem functions. However, our work
indicates that the relative importance of climatic distance and soil pH difference on

spatial turnover in plant- and soil-mediated nutrient pools varies with spatial scale. For
example, we found a slightly positive effect of climate on both plant- and soil-mediated
nutrient pools at both small and large scales, but not at the intermediate spatial scales (Fig.
S3; Table S6). This finding highlights the role of spatial scale in determining the relative
importance of environmental conditions on spatial turnover in ecosystem functions,

which underlines the initiatives of scaling up biodiversity and ecosystem function

research (Burley et al., 2016; Gonzalez et al., 2020; Thompson et al., 2021).

Our work lends support to the conceptual predictions that changes in species composition
influence spatial variation in ecosystem functions (Mori et al., 2018). However, we
acknowledge that one could argue about the directionality of these relationships;
differences in ecosystem properties of course drive patterns of B-diversity. In our study,
however, we argue th@atdiversity drivesdifferences in ecosystem processes rather than
ecosystem processes drjliversity two reasons. First, our AIC analyses provide some
support for the models in which B-diversity drives ecosystem processes. Second, our

work is in line with previous work in this system and others indicating that biodiversity
both responds to changes in environmental conditions and drives multiple ecosystem

functions above and beyond the effects of environmental conditions (Grman, Zirbel,

Bassett, & Brudvig, 2018; Jing et al., 2021; Jing et al., 2015; Masfirepyna et al.,

2019; Mori et al., 2016; Mori et al., 2018; Pasari et al., 2013; van der Plas, 2019).
Moreover, our work highlights that changes in both plantsaiicacterial -diversity are

key pathways associated with spatial turnover in ecosystem functions. For example, plant
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B-diversity was directly associated with spatial turnover in plant- and soil-mediated
nutrient pools, whilglant B-diversity was also indirectly associated with the spatial
turnover of nutrient poolghrough changes in soil bacterial B-diversity. Our work further
indicates that the replacement component of soil bacfiedadersity, rather than

differences in richness, was one of the more important drivers of spatial turnover in
nutrient pools when geographic, climatic and soil pH distances were controlled for (Fig
5). The associations could be explained by the fact that soil bacteria exhibit higher values
of replacement component of B-diversity thando plants and soil fungi (Fig. $40ur

work thus indicates the necessity of investigating above- and belowground linkages and

additive partitioningzomponents of B-diversity in maintaining spatial variability in
multiple ecosystem functions (Eisenhauer et al., 2019; Masfdh@pyna et al., 2019;

Soliveres et al., 2016; Trivedi, Leach, Tringe, Sa, & Singh, 2020). It also highlights the
importance of changes in abiotic factors including both geographic distance and
contemporary environmental factors for generating the biogeographic patterns of above-
and belowground community structure and jointly affecting regional spatial turnover in

ecosystem functions.

In summary, our study providesomprehensive assessment of the biogeography of

plant and soil microbial communities and their potential functions in natural alpine
grassland ecosystems. We show that the relative importance of abiotic processes
generating above- and belowground community structure differs, which ssitfges

rapid and ongoing environmental changes in alpine grasslands and elsewhere may have
differential impacts on above- and belowground components of ecosystems. For example,
soil acidification can substantially alter soil bacterial community composition, dispersal
limitations could constrain spatial variation in soil fungal composition, and local climate
can influence all above- and belowground taxa in the alpine grasslaa@stiér show

that the impacts of local climate on spatial turnover in plant- and soil-mediated nutrient
pools are mainly indirect and through changes in plant andasaikial B-diversity,

rather than through changes in soil fungal B-diversity. The direct associations of the
replacement component @fil bacterial B-diversity and the richness difference of plant

B-diversity with plant- and soil-mediated nutrient pools highlight that above- and
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640  belowground biodiversity may jointly safeguard the impacts of local climate change on
641 the functioning of climate-sensitive alpine grasslands at regional scales.

642
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Figurelegends

Fig. 1 Biogeographic patterns of plant and soil microbial B-diversity. @) Simple Mantel

tests for relationships between abiotic factors (geographic, climatic and pH distances) and
B-diversity. Lines are fitted by general linear regressions illustrating the direction of
bivariate associations. Spearman correlation coefficients (p) and the lower and upper 95%
confidence intervals are givem)(Partial Mantel tests for the relationship between

abiotic factors and B-diversity given geographic, climatic and soil pH distances or their
combinations. Points represent the Spearman correlation coefficients and error bars

represent the 95% confidence intervals. | represents the partial Mantel effects, which
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account for the influence of other abiotic factors in the left of |. Geo, geographic distance

(km); Clim, climatic distance (unitless); pH, soil pH distance (unitless).

Fig. 2 Geographic patterns of plant- and soil-mediated nutrient p@ISiraple Mantel

tests for relationships between abiotic factors (geographic, climatic and soil pH distances)
and spatial turnover in nutrient podpearman correlation coefficients (p) and the lower

and upper 95% confidence intervals are given. Lines are fitted by general linear
regressions illustrating the direction of the bivariate associationBaftial Mantel tests

for the relationships between abiotic factors and spatial turnover in nutrient pools given
geographic, climatic and soil pH distances or their combinations. Points represent the
Spearman correlation coefficients and error bars represent the 95% confidence intervals. |
represents the partial Mantel effects, which account for the influence of other abiotic
factors in the left of |. Geo, geographic distance (km); Clim, climatic distance (unitless);
pH, soil pH distance (unitless).

Fig. 3 Relationships between B-diversity and spatial turnover in nutrient poob. (

Simple Mantel tests for the relationships between B-diversity and spatial turnover in

nutrient pools. Spearman correlation coefficients (p) and the lower and upper 95%

confidence intervals are given. Lines are fitted by general linear regressions illustrating
the linear bivariate associationb) Partial Mantel tests for the relationship between -

diversity and spatial turnover in nutrient pools given geographic, climatic and soil pH
distances or their combinations. Points represent the Spearman correlation coefficients
and error bars represent the 95% confidence intervals. Xs represent f-diversity of plant

and soil microorganisms. | represents the partial Mantel effects, which account for the
influence of other abiotic factors in the left of |. Geo, geographic distance; Clim, climatic
distance; pH, soil pH distance.

Fig. 4 Direct and indirect effects of abiotic and biotic factors on plant- and soil-mediated
nutrient pools. Arrows represent the direct and indirect pathways through which abiotic
and biotic factors affect plant- and soil-mediated nutrient pools. Black arrows represent
significantly positive pathways, and red arrows represent significantly negative pathways.
Double-headed arrows represent residual correlationyaceerial vs. fungal B-diversity

and plant- vs. soil-mediated nutrient pools. Arrow width is proportional to the
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standardized path coefficients. Thed® each response variable is given. Details of the

structural equation model can be found in Table S4.

Fig. 5 Scale dependence of the impacts of abawé-belowground p-diversity on plant-

and soil-mediated nutrient poolBwo components of B-diversity are compared:

replacement (left) and richness difference (right). Lines show changes in standardized
regression coefficients with geographic distances. Significance tests for the standardized

regression coefficients are given in Table S6.

Fig. S1. Map of sampling location in 2011. A total of 60 sites were surveyed across three
main vegetation types, including alpine meadow, alpine steppe, and desert steppe.
Adapted from the supplementary Figure 2 of Jing et al. (2015) [Jing, X., Sanders, N., Shi,
Y. et al. The links between ecosystem multifunctionality and above- and belowground
biodiversity are mediated by climate. Nat Commun 6, 8159 (2015).
https://doi.org/10.1038/ncomms9159]

Fig. S2. An alternate structural equation model illustrating the effects of plant- and soil-
mediated nutrient pools on plant and soil microbial B-diversity. Double-headed arrows
represent residual correlations, iteacterial vs. fungal B-diversity and plant- vs. soil-
mediated nutrient pools. Arrow width is proportional to the standardized path coefficients.
R? of each response variable is given. Details of this structural equation model can be
found in Table S5.

Fig. S3. Relative importance of geographic, climatic and soil pH distances on plant- and
soil-mediated nutrient pools across spatial scales. Lines show changes in standardized
regression coefficients over geographic distances. The permutation significance tests of

regression coefficients are given in Table S6.

Fig. $4. Probability density distributions of replacement and richness difference of plant
andsoil microbial B-diversity. @) replacement,h) richness difference. Points represent
median B-diversity. Thick and thin error bars represent 66% and 95% confidence

intervals, respectively.
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