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Abstract

Researchers frequently discuss spatial distribution patterns of species diversity and bio-

mass together with their correlations along geographical gradients. Typical subalpine mead-

ows occur widely on the east of the Loess Plateau, China; here, we selected nine mountains

belonging to four mountain systems from north to south on the east of the plateau. We ana-

lyzed five latitudinal and longitudinal gradients together with six elevational gradients to

study the spatial distribution patterns of species diversity (including α, β, and γ diversity) and

biomass plus with their relationships at various scales. Results showed that (1) for diversity,

α-Diversity manifested unimodal variation patterns in horizontal spaces, peaking at high lati-

tude and low longitude. However, α-diversity was not sensitive to elevation in vertical spaces

and tended to decrease with increasing elevation. With increased latitude, longitude, and

elevation, β-Diversity diminished; meanwhile, the rate of species turnover decreased and

the similarity of community composition enlarged. γ-Diversity demonstrated quadratic func-

tion changes that were initially incremental and then decreased with increasing longitude,

elevation, and latitude from 37.5˚ to 40˚. In general, β-diversity had positive correlation with

γ-diversity and negative correlation with α-diversity, which conformed to the function of β =

γ/α. (2) For biomass, changes of aboveground biomass (AB) were more obvious along lati-

tudinal gradients, whereas variations of belowground biomass (BB) had smaller differences

along longitudinal and latitudinal gradients. More biomass was allocated to BB toward the

north and east, whereas root-to-shoot ratio (R/S) was more evident at greater latitude than

greater longitude. With increased elevation, more biomass was also allocated to BB, and

the relationship of biomass to elevation was closer in AB. In short, the relation of biomass

allocation tended to belowground plant parts with different geographical scales. (3) Species

diversity had the strongest positive influence on AB. The Patrick and Shannon indices had

correlations of power functions with AB and R/S, respectively, indicating that an allometric

model could be used to model relationships between species diversity and biomass. In con-

clusion, the unique geomorphological structures with a series of basins between mountain

systems on the east of the Loess Plateau, meant that subalpine meadows were mostly dis-

tributed along latitudinal directions, so the spatial distribution of species diversity and
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biomass was more evident along latitudinal gradients, and thus the response of above-

ground biomass was more sensitive to variations of spatial gradients and species diversity.

Introduction

Plants serve vital roles in terrestrial ecosystems and provide humans with many ecological ser-

vices in regulating climate, improving soil fertility, protecting biodiversity, and promoting pro-

ductivity [1–4]. Studies of species diversity and plant biomass have become important research

topics related to ecology and geography, focusing on their spatial distribution and correlations

along geographical gradients.

Biodiversity contributes significantly to sustaining a global ecological balance and to pro-

moting sustainable development for humans [5–7]. As a measurable index of a community,

biodiversity reflects essential features of ecosystems, represents variations that occur in ecosys-

tem, and helps to maintain ecosystem productivity. Biodiversity is produced by competition

among species in a community or in the processes involved in coordinating resources so that

various species can coexist [8–10]; as a result, biodiversity provides provenance bases and sup-

porting conditions for the operation and turnover of ecosystem functions [11–14]. Species

diversity is a manifestation of biodiversity at the species level and is an important indicator

that can be used to quantify and document community structure and composition. Species

diversity reveals the organizational levels of a community and induces changes in the func-

tional characteristics of a biotic community; it can even alter a shortage of critical species in a

community or the utilization patterns of environmental resources by species, and thus lead to

modifications in ecosystem structure and function [7, 15–18]. Variations in species diversity

mirror changes of species richness and evenness in a community or habitat, as well as the rela-

tionships between a community and different natural geographical conditions [19]. In general,

species diversity of plant community decreases from lower to higher latitude; in terms of eleva-

tion gradient, changes in species diversity of plant community have 5 models: negative correla-

tion, greatest in mid-altitude, smaller in mid-altitude, positive correlation, and no correlation

[16]. Thereby, studying and measuring species diversity is important and helps researchers to

probe its patterns of variation along geographical gradients in modern studies of biodiversity.

Measurements of species diversity are primarily conducted at three spatial scales known as

α-, β-, and γ-diversity [20–22]. The first scale is within-habitat diversity, that is, α-diversity,

which mainly focuses on species number in local homogeneous habitat. At this scale, the prin-

ciple factors that affect diversity are ecological niche diversity and interspecific interaction, so

α-diversity is closely related to environmental energy [20, 21]. The second scale is between-

habitat diversity, that is, β-diversity, which indicates differences of species composition among

different habitats and communities or differences in turnover rates of species along environ-

mental gradients. The dominant ecological factors that control β-diversity are soil, landform,

and disturbance [20]. The last scale is regional diversity, that is, γ-diversity, which describes

species number at regional or continental scales. The ecological processes that drive γ-diversity

chiefly include hydrothermal dynamics, climate, as well as species development and evolution

[21, 22]. Among these three types of diversity, α- and β-diversity constitute the overall diversity

of communities or ecosystems, or habitat heterogeneity of a certain district.

Similar to species diversity, biomass is also a primary quantitive characteristic of ecosystems

and reflects plants productivity; thus species diversity is a basic part of the study ecosystem

function [16]. Biomass allocation among various organs mirrors the growth strategy a plant
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uses to adapt to an environment and plays a crucial role in the growth of plant individuals, spe-

cies coexistence, and vegetation recovery [23, 24]. Strategies of biomass allocation among

leaves, stems, and roots, together with allometric relationships between plant organs provide a

foundation in the study of species evolution, maintenance of diversity, and carbon cycling in

ecosystems, and also are important to our understanding of the distribution of carbon in eco-

systems and the function of carbon sinks [25–27]. Biomass allocation, especially the allocated

models under the effects of different geographical gradients, is important in studies of biomass.

In principle, plant community biomass possesses obvious latitudinal and altitudinal variations

[24, 26]. There are mainly 3 models with altitudinal gradient: negative correlation, positive

correlation, and unimodal curve correlation; however, relatively less studies on the horizontal

spatial distribution of plant community biomass [25, 27]. Therefore, further studies need to be

carried out on spatial variations of plant community biomass with geographical gradients.

Soil erosion is one of the most important environmental issues affecting terrestrial ecosys-

tems. In arid and semi-arid areas, runoff and erosion can reduce soil water-holding capacity

and hinder the recovery of degraded ecosystems [28]. The Loess Plateau of China is a typical

area suffering land degradation due to erosion, while vegetation restoration is the most effec-

tive biological tool to solve ecosystem degradation on the Plateau [28, 29]. Vegetation can pro-

vide better erosion control services when there is greater diversity and biomass and its spatial

distribution also plays a crucial role in reducing water and soil losses at the slope scale [29, 30].

Subalpine meadows are one grassland type of the Loess Plateau and mainly are distributed in

high-elevation mountains where their species diversity and biomass is obviously affected by

the mountainous terrain [28]. Latitude, longitude, and elevation are dominant terrain indica-

tors of mountainous subalpine meadows; they directly affect the spatial distribution of solar

radiation and rainfall, and thus they result in an uneven distribution of soil moisture and tem-

perature [29, 30]. Large areas of subalpine meadows on the east of the Loess Plateau have an

abundance of species. These meadows not only provide excellent natural pastures but also

serve as famous eco-attractions—for example, Heyeping has been honored as the “plateau

jade,” Shunwangping as the “Jiuzhaigou of north China,” and Wutai Mountain as “the roof of

north China.” With a rapid development of tourism and pasture husbandry, subalpine mead-

ows have experienced extensive and severe degradation caused by humans in the mountain

systems of Liuleng, Wutai, Lvliang, and Zhongtiao, where their environments are sensitive and

fragile, meadows degradation had been increasing, and biodiversity has been threatened seri-

ously [31, 32].

From a level of plant population in natural conditions, species diversity has important sig-

nificance to the discussion of spatial distributions and correlations of species diversity and bio-

mass at various levels; this illuminates the internal mechanisms of functional relationships

between biodiversity and ecosystems. Given this, typical subalpine meadows were used as

research objects on the east of the Loess Plateau. These ecosystems were divided into different

latitudinal, longitudinal, and elevational belts, and then the following three scientific problems

were addressed: (1) spatial distribution patterns of species diversity at the three scales of α, β,

and γ diversities in subalpine meadows; (2) patterns of variation in biomass and biomass allo-

cation at horizontal and elevational scales in subalpine meadows; and (3) correlations between

species diversity and biomass in subalpine meadows.

Materials and methods

Study area

The Loess Plateau distributes the largest area of loess in the world and is characterized by rare

precipitation, intense evaporation, severe soil erosion, and a low ability to resist natural
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hazards, so its ecological environment is harsh in nature and extremely difficult to recover

when destroyed [31–33]. The east of the Plateau (34˚34’–40˚43’ N, 110˚14’–114˚33’ E) lies in

Shanxi Province and serves as a dividing line between the second and third steps of topography

in China and where subalpine meadows are distributed most intensively in the Plateau. Owing

to complex and changeable topography, it develops Taihang mountain, Lvliang mountain, and

a series of basins between them. From north to south, these basins are successively Datong,

Xinding, Taiyuan, Changzhi, Linfen, and Yuncheng basins. The temperate continental mon-

soon climate features an annual mean temperature of 4–14˚C, summer mean temperature of

22–27˚C, winter mean temperature of −12 to −2˚C, annual precipitation of 400–600 mm, and

a frost-free season of 4–7 months [31]. Vegetation in this region dominates as the vegetation

type of temperate regions with complicated geomorphic features and combinations of water

and heat. Mountainous areas occupy more than 80% in this region; among larger mountain

systems, subalpine meadows cover an area of about 353,000 hm2; these are mainly distributed

in high-elevation belts above the timberline in the Liuleng, Lvliang, Wutai, and Zhongtiao

mountain systems. Plants in subalpine meadows principally include perennial herbs that are

suitable for low temperature and moderate moisture; for example, Carex, Kobresia, Asteraceae,

Leguminosae, and other cyperaceous species were common [32]. The soil in subalpine mead-

ows is high organic content and has thick litter layer.

Experimental design

Comparing with a vegetation-type map of the Loess Plateau (Fig 1A) and a topographic map

of Shanxi Province (Fig 1B), experimental plots were selected in typical meadows of subalpine

belts at higher elevation in mountains along the east of the Loess Plateau. These were investi-

gated from July to August in 2016 in areas with little human disturbance, flat terrain, and a

uniform distribution of vegetation. On the entire east, nine subalpine meadows (one subalpine

meadow in each mountain) were successively surveyed in different mountain ranges moving

from north to south. In total, nine mountains belonged to four mountain systems were sur-

veyed using plots. The names of these mountains were Dianding (DD) Mountain in the Liu-

leng mountain system, Beitai (BT) and Dongtai (DT) mountains in Wutai mountain system,

Malun (ML), Heyeping (HY), Yunzhong (YZ) and Yunding (YD) mountains in the Lvliang

mountain system, and Shunwangping (SU) and Shengwangping (SE) mountains in the Zhong-

tiao mountain system (Fig 1B). In the whole mountain systems, DD, BT and DT were geo-

graphically classified as northern mountains, ML, HY, YZ and YD as central mountains, and

SU and SE as southern mountains from north to south. Their geographic coordinates for the 9

mountain sites surveyed were listed in Table 1.

Additionally, prior to carrying out this experiment, we obtained permissions from the

Luyashan National Nature Reserve (Xinzhou city) for DD, BT and DT; from the Pangquangou

National Nature Reserve (Lvliang city) for ML, HY, YZ and YD; and from the Wulushan

National Nature Reserve (Linfen city) for SU and SE. We successfully obtained these permis-

sions as our field studies did not involve endangered or protected species.

Measurement of plant diversity

On each of these nine mountains, six 1 m2 plots were installed randomly to survey plant diver-

sity at a community scale or a total of 54 plots on all mountains. We used 1 m × 1 m quadrat

frames as measurement tools, which we divided into 100 uniform grids (0.1 m × 0.1 m). In

each grid, we measured plant height, abundance, coverage, and frequency of each species; the

data were used to calculate species diversity indices in the plots (see 1.5 Data analysis). Mean-

while, we recorded the latitude, longitude, and elevation of each plot by a portable GPS
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(Table 1). Using the horizontal directions of latitude and longitude, the nine study plots were

divided into five latitudinal and five longitudinal gradient belts with 0.5˚ and 0.45˚ intervals

arranged from south to north and from west to east, respectively. The nine plots were divided

Fig 1. Study area and experimental plots. Light and dark colors show low and high elevation, respectively.

https://doi.org/10.1371/journal.pone.0211560.g001

Table 1. Geographical data and abbreviations for nine mountains surveyed on the east of the Loess Plateau with two, four, and two mountains in its northern, cen-

tral, and southern parts, respectively.

Location Number Mountain name/abbreviation Latitude/˚N Longitude/˚E Elevation/m

Northern part ① Dianding (DD) 39.85 113.94 2265

② Dongtai (DT) 39.05 113.67 2565

③ Beitai (BT) 39.08 113.57 3045

Central part ④ Yunzhong (YZ) 38.68 112.43 2260

⑤ Malun (ML) 38.75 111.93 2710

⑥ Heyeping (HY) 38.71 111.84 2745

⑦ Yunding (YD) 37.88 111.54 2690

Southern part ⑧ Shunwangping (SU) 35.42 111.96 2250

⑨ Shengwangping (SE) 35.34 112.21 1720

https://doi.org/10.1371/journal.pone.0211560.t001
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into six elevational gradient belts from low to high elevation with an interval of 100 m

(Table 2).

Measurement of plant biomass

At each of nine mountain sites, we randomly located five plots for use in measuring diversity,

with 45 plots in total. A 0.2 m × 0.2 m quadrat was placed in the center of each plot with its

plants being evenly distributed, so that 45 quadrats were also acquired in total. We used quad-

rats to survey plant biomass at the community scale using the following method. In each quad-

rat, aboveground plant parts were clipped near the ground surface and belowground plant

parts were then excavated in the entire 0.2 m × 0.2 m quadrat to a depth of 0.2 m. Samples of

aboveground plant parts and soil blocks with volumes of 0.2 m × 0.2 m × 0.2 m were sealed

and brought to laboratory for post-processing. In this process, soil blocks and withered grass

were removed from samples of aboveground plant parts and only live plants were retained.

Samples of belowground plant parts were first sieved by a standard soil sieve with a bore diam-

eter of 0.42 mm to eliminate stones and coarse debris from the soil. Then, the soil samples

were sieved using a standard soil sieve with a bore diameter of 0.18 mm to eliminate fine roots

with diameters no smaller than 0.18 mm. Next, live roots were separated from root systems

according to color, suppleness, and whether or not hair roots were present. Live roots and

treated stems and leaves were placed into an oven and dried for 48 h to constant weight at a

high temperature of 80˚C. Last, dry samples were weighed as below- and aboveground plant

biomass by an electronic balance with an accuracy of 0.001 g.

Data analysis

(1) α-Diversity. We calculated the important species values based on the relative height,

abundance, coverage, and frequency of each species; then α-diversity indices were obtained,

including the Simpson, Shannon, and Pielou indices. α-Diversity indices plus the richness

index of Patrick were used to explore the characteristics of spatial distribution of subalpine

meadows at the scale of α-diversity along with changes in latitude, longitude, and elevation.

Corresponding computational formulas of these α-diversity indices were as follows [33]:

IV ¼
rhþ raþ rcþ rf

4
; ð1Þ

R ¼ S; ð2Þ

H0 ¼ 1 �
XS

i¼1

p2

i ; ð3Þ

H ¼ �
XS

i¼1

pilnðpiÞ; ð4Þ

E ¼
H

lnðSÞ
; and ð5Þ

pi ¼
IVi

IVtotal
; ð6Þ

where IV is the importance value, rh is relative height, ra is relative abundance, rc is relative
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coverage, and rf is relative frequency; in addition, R, H0, H, and E are the Patrick, Simpson,

Shannon, and Pielou indices, respectively; i is a plant species i and S are the sum of all plant

species in the plots.

(2) β-Diversity. Species in different plots were merged in each geographical gradient belt

and variations of β-diversity indices were analyzed between two adjacent gradient belts to probe

the differentiation in the characteristics of subalpine meadows at the scale of β-diversity with lati-

tude, longitude, and elevation. Measurements of β-diversity chiefly included two aspects: (1) com-

munity dissimilarity based on species composition and (2) species replacement based on the

distribution boundary [34]. Unlike α-diversity, measurements of β-diversity could be separated

into two methods: binary attribute data and quantitative data, respectively. Hence, we used two

indices, the Cody and Sørenson indices, in the analysis of β-diversity based on binary attribute

data; in addition, we used the Bray-Curtis index based on quantitative data. Corresponding

computational formulas of these β-diversity indices are as follows:

bC ¼
aþ b � 2c

2
; ð7Þ

Table 2. Demarcations on geographical gradient belts of various mountains. Latitudinal, longitudinal, and elevational gradients were divided into five, five, and six

belts with intervals of 0.5˚, 0.45˚, and 100 m, respectively. The initial belts were all numbered 1 with different gradient ranges. Mountain names indicated by abbreviated

letters are shown in Table 1.

Geographical gradient belt Belt number Geographical gradient range Geographical gradient Mountain name

Latitudinal belt (0.5˚ intervals)/˚N 1 35–35.5 35.34 SE

35.42 SU

2 37.5–38 37.88 YD

3 38.5–39 38.68 YZ

38.71 HY

38.75 ML

4 39–39.5 39.05 DT

39.08 BT

5 39.5–40 39.85 DD

Longitudinal belt (0.45˚ intervals)/˚E 1 111.15–111.6 111.54 YD

2 111.6–112.05 111.84 HY

111.93 ML

111.96 SU

3 112.05–112.5 112.21 SE

112.43 YZ

4 113.4–113.85 113.57 BT

113.67 DT

5 113.85–114.3 113.94 DD

Elevational belt (100 m intervals)/m 1 1700–1800 1720 SE

2 2200–2300 2250 SU

2260 YZ

2265 DD

3 2500–2600 2565 DT

4 2600–2700 2690 YD

5 2700–2800 2710 ML

2745 HY

6 3000–3100 3045 BT

Note: Table 1 lists the full mountain names and abbreviations.

https://doi.org/10.1371/journal.pone.0211560.t002
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bS ¼ 1 �
2c

aþ b
; and ð8Þ

bB� C ¼
2cIV
aþ b

; ð9Þ

where βC, βS, and βB–C are the Cody, Sørenson, and Bray-Curtis indices, respectively; a and b are

the number of species in plots A and B, respectively, and c is the number of common species

between plots A and B; and cIV is the sum of the relatively small important values of species com-

mon to both A and B, that is, cIV = ∑min (cIVa, cIVb).

(3) γ-Diversity. γ-Diversity indicates species richness of all habitats within a certain geo-

graphical range and is usually used to demonstrate species number in a region or on a conti-

nent [34]. Here, regional scales were employed using five latitudinal and longitudinal

gradients together with six elevational gradients; these regions were the divided into nine

groups of subalpine meadows. Total species number (i.e., total species richness of S) in each

geographic gradient belt was defined as an indicator to investigate spatial distribution patterns

of subalpine meadows at the scale of γ-diversity.

(4) Relationship among α, β, and γ diversity. Firstly, α and γ diversity were recalculated

basing on species number singly in each gradient belt. Then, common functions as β = γ/α,

β = γ–α, and β = 1–α/γ [21, 35, 36] were adopted to calculate the simulated value of β-diversity.

Finally, to probe the relationship among α, β, and γ diversity, correlation analyses were con-

ducted in measured value of β-diversity with α and γ diversity, as well as with its simulated

value.

(5) Biomass. Below- and aboveground biomass was added to calculate total biomass and

the root-to-shoot ratio was also found for each unit. Therefore, aboveground biomass, below-

ground biomass, total biomass, and the root-to-shoot ratio were adopted as biomass indicators

and were used to analyze variations of plant community biomass at different latitude, longi-

tude, and elevation in subalpine meadows.

Lastly, OriginPro 9.1 software (Origin Lab, Northampton, MA) was used to draw spatial

distributions of α, β, and γ diversity plus with variations of biomass with latitude, longitude,

and altitude. SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) was adopted to conduct regres-

sion analyses between α-diversity and biomass; correlation analyses among α, β, and γ diver-

sity; together with correlation and significance analyses of α-diversity with elevation and

among various mountains, respectively.

Results

Spatial distribution characteristics of species diversity in subalpine

meadows

α-Diversity. We observed large differences in different mountain ranges for the Simpson

(H0), Shannon (H), Pielou (E), and Patrick (R) indices in subalpine meadows. However, these

α-diversity indices had relatively consistent trends that all presented variations in wave curves

ranging from the northernmost DD to the southernmost SE (Fig 2). Maximums of α-diversity

indices appeared in YZ (average, 7.75), and their minimum appeared in ML (average, 3.56).

The maximums and minimums for the α-diversity indices all appeared in central mountains

(from ML to YD) and their differences were significant (P<0.05), showing a greater fluctua-

tion of α-diversity in the central mountains than elsewhere. iIn quantitative terms, α-diversity

of the subalpine meadows was smallest in the central mountains, whereas it was greater in the
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Fig 2. Spatial distribution of α-diversity in subalpine meadows. α-Diversity indices included Simpson, Shannon, Pielou, and Patrick indices. The data were collected

from six quadrats on each of nine mountain sites (54 quadrats in total); means for each mountain site were used in the analysis. Therefore, each α-diversity index had

nine values, one for each site.

https://doi.org/10.1371/journal.pone.0211560.g002

Table 3. Correlation and significance analyses of α-diversity with elevation and among various mountains, respectively. α-Diversity indices included the Patrick,

Simpson, Shannon, and Pielou indices. Mountains were DD, BT, DT, ML, HY, YZ, YD, SU, and SE; mountain names indicated by abbreviated letters are shown in

Table 1. Different or the same small letters present significant or insignificant differences (P<0.05 and P>0.05), respectively. The data for correlation coefficients in the

analyses of α-diversity with elevation are listed with the corresponding P values in brackets. In significance analyses of α-diversity among various mountains, significance

levels were expressed with different small letters. The data were collected from six quadrats on each of nine mountain sites (54 quadrats in total); means for each mountain

site were used in the analysis. Therefore, each mountain site had one elevation, so nine α-diversity values were used in each correlation analysis. However, the six plots in

each mountain were not averaged, so six value were used in each significance analysis for each site.

Analysis type Items Patrick Index Simpson Index Shannon Index Pielou Index

Correlation Elevation/m −0.5 (P = 0.17) −0.387 (P = 0.303) −0.463 (P = 0.21) −0.103 (P = 0.792)

Significance DD bc ab bc ab
BT ef c e abc

DT ab a ab ab
ML g d f c

HY f bc e a

YZ a a a a
YD de bc d abc

SU cd bc d bc
SE cd bc cd abc

Note: Table 1 lists the full mountain names and abbreviations.

https://doi.org/10.1371/journal.pone.0211560.t003
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northern (from DD to DT) and southern (from SU to SE) mountains with no larger differ-

ences between them. Except for E, changes were very consistent for H0, H, and R, and reached

significant levels (P<0.05) between adjacent mountains from DD to YD; meanwhile, changes

of E were significant (P<0.05) only between adjacent mountains from DT to HY. However,

from YD to SE, the α-diversity indices had insignificant differences (P>0.05) (Table 3).

In horizontal spaces, α-diversity indices of subalpine meadows showed similar patterns of

change with latitude and longitude (Fig 3). With increasing latitude (from 35.34˚ to 39.85˚ N)

and longitude (from 112.21˚ to 113.94˚ E), R, H0, H, and E tended to initially increase and then

decrease, presenting unimodal curves with peak values being at relatively high latitudes (38.7˚

N) and relatively low longitudes (112.4˚ E), respectively. Maximums of R, H0, H, and E, which

were 26.3, 0.92, 2.86, and 0.88, respectively, all existed near 38.7˚ N and 112.4˚ E. Trends of α-

diversity indices had larger discrepancies with latitude and longitude at a latitudinal boundary

of 38˚. When latitude was below 38˚, α-diversity indices changed more gently with latitude;

Fig 3. Variations of α-diversity with latitude and longitude in subalpine meadows. α-Diversity indices included the Patrick, Simpson, Shannon, and Pielou indices.

The data were collected from six quadrats on each of nine mountain sites (54 quadrats in total) with different latitude and longitude; means for each mountain site were

used in the analysis. Therefore, each index had nine values, one for each site.

https://doi.org/10.1371/journal.pone.0211560.g003
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with longitude, α-diversity indices experienced symmetrical changes with an axis of symmetry

at 112.3˚. When latitude was greater than 38˚, α-diversity indices changed more dramatically

with latitude; with longitude, α-diversity indices showed asymmetrical changes that was more

dramatic initially and then less so. With changes in elevation, R, H0, H, and E had negative cor-

relations with elevation (mean coefficients, −0.363), but correlations were all insignificant

(P>0.05), demonstrating that α-diversity was affected insignificantly by elevation and tended

to decrease with increasing elevation (Table 3).

β-Diversity. Various trends existed in β-diversity with changes in latitude, longitude, and

elevation in subalpine meadows, but in the same type of gradient belts, more consistent trends

were shown for Cody (βC), Sørenson (βS), and Bray-Curtis (βB–C) indices (Fig 4).

Along latitudinal gradients, relative to an initial belt (belt number 1), βC, βS, and βB–C all

decreased between different latitudinal belts with amplitudes of 26.9%, 29.8%, and 32.7%,

respectively. Between adjacent latitudinal belts, βC, βS, and βB–C exhibited decreased trends

with amplitudes being obviously greater at 46.2%, 42.5%, and 62.8%, respectively. Overall, βC,

βS, and βB–C all declined along latitudinal gradients with mean amplitudes of 36.55%, 36.15%,

and 47.75%, respectively.

Similarly, along longitudinal gradients, βC, βS, and βB–C all decreased and their reduced

amplitudes were −19.45%, −15.27%, and −0.75%, respectively; along elevational gradients,βC

and βB–C declined with corresponding mean amplitudes of −33.33% and −29.85%, whereas βS

increased with its amplitude being 16.35%.

γ-Diversity. The spatial distribution of subalpine meadows was highly consistent at the

scale of γ-diversity (Fig 5). Along latitudinal gradients, total species richness (S) generally

exhibited a decreasing trend of a logarithmic function (R2 = 0.185, P>0.05), but it presented a

significant variation of a quadratic function with a trend of initially increasing and then

decreasing at latitudinal belts from 37.5˚ to 40˚ (R2 = 0.885, P<0.01). Along longitudinal gradi-

ents, S significantly demonstrated the variation of a quadratic function with a tendency of ini-

tially increasing and then decreasing (R2 = 0.784, P<0.01); its peak value appeared at

longitudinal belts between112.05˚ and 112.5˚. Along elevational gradients, S also showed a

quadratic function variation with a trend of initially increasing and then decreasing (R2 =

0.598, P<0.05), while peaking at elevational belts between 2200 m and 2300 m. Averages of S
along latitudinal, longitudinal, and elevational gradients were 47.6, 48.6, and 40.3, respectively,

illustrating that species distribution was slightly greater in horizontal spaces than that with

changes in elevation at regional scales.

Correlation among α, β, and γ diversity. βC and βS (measured values) were all calculated

basing on binary attribute data and had similar correlation with α-diversity, γ-diversity, and

their simulated values (Table 4). They had negative and positive correlations with γ and α diver-

sity, respectively. Among negative correlations with their simulated values, the greatest correla-

tion coefficients of βC (0.851) and βS (0.622) were all in the function of β = γ/α. While for βB–C

(measured value), it was calculated according to quantitative data and had corresponding posi-

tive and negative correlations with γ and α diversity, which was opposite to βC and βS. Among

positive correlations with its simulated value, the greatest correlation coefficient of βB–C (0.932)

also existed in the function of β = γ/α. Thereby, although a larger difference appeared in β-diver-

sity with different data types, β-diversity had positive correlation with γ-diversity and negative

correlation with α-diversity, which conformed to the function of β = γ/α.

Spatial distribution characteristics of biomass in subalpine meadows

The fluctuation of biomass in various mountains. Biomass indices of subalpine mead-

ows fluctuated in various mountains (Table 5). Corresponding coefficients of variation in
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aboveground biomass (AB), belowground biomass (BB), total biomass (TB), and the root-to-

shoot ratio (R/S) were 0.614, 0.437, 0.373, and 0.668, demonstrating that the fluctuation in AB

was larger than BB in subalpine meadows but was smaller for TB.

From the northernmost site, DD, to the southernmost, SE, AB was varied with a wave form

and tended to increase (R2 = 0.402, P>0.05) with larger values existing in the southern sites of

SE and SU as well as the central site of HY. The AB was significantly larger in southern moun-

tains (319.05 g/m2) than that in northern (112.35 g/m2) and central (126.4 g/m2) mountains

(P<0.05).

BB changed with a wave form and tended to decrease (R2 = 0.206, P>0.05) with larger val-

ues appearing in the northern sites of BT and DD as well as the central HY site. Meanwhile, BB

in northern mountains (622.62 g/m2) was significantly greater than that in the central (431.39

g/m2) and southern (437.18 g/m2) mountains (P<0.05).

TB had no obvious trends (R2 = 0.018, P>0.05) with larger values presenting in the central

HY site, the northern BT, and the southern SE site. The TB in central mountains (557.79 g/m2)

was significantly smaller than that in the northern (734.97 g/m2) and southern (756.23 g/m2)

mountains (P<0.05).

Fig 4. Changes on spatial distribution of β-diversity in subalpine meadows. β-Diversity indices included the Cody, Sørenson, and Bray-Curtis indices. Numbers from

1 to 6 in x-coordinates represented corresponding numbers of latitudinal, longitudinal, and elevational belts in Table 2. Intervals of 1–2, 2–3, 3–4, 4–5, and 5–6 indicated

comparisons between adjacent belts, whereas 1–2, 1–3, 1–4, 1–5, and 1–6 indicated comparisons of the initial belt (belt 1) with other belts. The study employed five

latitudinal, five longitudinal, and six elevational belts. Each index had values for four latitudinal, four longitudinal, and five elevational belts.

https://doi.org/10.1371/journal.pone.0211560.g004
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Fig 5. Spatial distribution of γ-diversity in subalpine meadows. The study employed corresponding belts along five latitudinal, five longitudinal, and six elevational

gradients, with five, five, and six values respectively. Each belt had one value.

https://doi.org/10.1371/journal.pone.0211560.g005

Table 4. Correlation analyses among α, β, and γ diversity. βC is Cody index, βS is Sørenson index, and βB–C is Bray-Curtis index in β-diversity. There are 7, 7 and 9 gra-

dient belts with latitude, longitude and altitude, respectively. Simulated values of β-diversity are calculated with common functions of β = γ/α, β = γ–α, and β = 1–α/γ. α
and γ diversity are recalculated basing on species number in each gradient belt. So 23 data are shown for each diversity. The data are correlation coefficients and the levels

of correlation analyses are all significant (P<0.01).

Measured value of β-diversity γ-diversity α-diversity Simulated value of β-diversity

β = γ/α β = γ–α β = 1–α/γ

βC -0.841 0.853 -0.851 -0.849 -0.808

βS -0.581 0.562 -0.622 -0.581 -0.534

βB–C 0.873 -0.923 0.932 0.890 0.823

https://doi.org/10.1371/journal.pone.0211560.t004
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The spatial distribution of biomass. The horizontal spatial distribution of biomass had

obvious characteristics in subalpine meadows (Fig 6). Tendencies of AB were apparently stron-

ger with changes in latitude (R2 = 0.6075) than longitude (R2 = 0.0677). The BB had slightly

smaller tendencies with latitude (R2 = 0.0691) than longitude (R2 = 0.1384). Tendencies of TB

were also slightly smaller with latitude (R2 = 0.0187) than longitude (R2 = 0.0673). That is,

changes in AB were more evident along latitudinal gradients, whereas changes in BB were

smaller along latitudinal and longitudinal gradients.

Along elevational gradients, trends of biomass existed with some differences as well (Fig 7).

AB decreased significantly with elevation (P<0.05), but the increases in BB and TB were all

not significant with increasing elevation (P>0.05), illustrating that correlations were stronger

between AB and elevation.

The variation of biomass allocation relation with different geographical scales. The

relation of biomass allocation (R/S) changed in a wave pattern and tended to decrease (R2 =

0.315, P>0.05) with larger values being in the northern BT and central YD and ML sites. The

R/S in the southern mountains (1.49) was obviously smaller than that in the northern (6.19)

and central (4.34) mountains (P<0.05). From DD to DT in the northern mountains, R/S had a

tendency of increasing, indicating that more biomass was allocated to belowground plant parts

in northern mountains.

With increasing latitude and longitude, R/S tended to increase. Moreover, the R/S obvi-

ously became larger with latitude (0.4896) than with longitude (0.0868). That is, more biomass

was allocated to belowground plant parts with developmental directions to the north and east

in subalpine meadows.

Along elevational gradients, the R/S had significant increasing correlations with increasing

elevation (P<0.01), indicating that more biomass was also allocated to belowground plant

parts with increasing elevation.

Relationships between species diversity and biomass in subalpine meadows

We conducted regression analysis between pairs of α-diversity and biomass indices to discuss

relationships between species diversity and biomass in subalpine meadows (Fig 8). Only R and

H had significant correlations with AB and R/S, respectively, indicating that species diversity

had greater effects on AB than on the R/S. AB had significantly positive correlations with R
and H (P<0.05), whereas R/S had most significantly negative correlations with R and H
(P<0.01); this means that with increasing species diversity, AB increased and more biomass

Table 5. Spatial distribution of biomass in subalpine meadows. Mountain names indicated by abbreviated letters are shown in Table 1. AB, BB, TB, and R/S represent

aboveground, belowground, and total biomass, as well as the root:shoot ratio, respectively. Different or the same small letters indicate significant and insignificant differ-

ences (P<0.05 and P>0.05), respectively. The data are shown with mean ± S.E. with six values given for each mountain.

Mountain name AB/(g/m2) BB/(g/m2) TB/(g/m2) R/S

DD 126.400 ± 16.348 d 552.350 ± 139.573 bc 678.750 ± 149.120 bcde 4.268 ± 0.800 bcd
BT 85.550 ± 12.002 d 901:400� 104:680 a 986.950 ± 114.034 ab 10:880� 1:041 a
DT 125.100 ± 8.622 d 414.100 ± 42.257 c 539.200 ± 39.461 cde 3.417 ± 0.456 bcd
ML 72.100 ± 5.233 d 369.600 ± 51.519 c 441.700 ± 54.890 de 5.075 ± 0.626 bc
HY 235:250� 29:123 bc 787:850� 55:681 ab 1023:100� 60:086 a 3.675 ± 0.650 bcd

YZ 143.400 ± 33.474 d 258.050 ± 62.421 c 401.450 ± 65.011 de 2.202 ± 0.657 cd
YD 54.850 ± 6.957 d 310.050 ± 70.802 c 364.900 ± 68.983 e 6.412 ± 0.839 b
SU 293.150 ± 51.611 ab 415.600 ± 61.728 c 708.750 ± 89.694 abcd 1.638 ± 0.334 d
SE 344.950 ± 48.528 a 458.750 ± 106.270 c 803.700 ± 137.171 abc 1.337 ± 0.232 d

Note: AB, aboveground biomass; BB, belowground biomass; TB, total biomass; R/S, root: shoot ratio. Table 1 lists the full mountain names and abbreviations.

https://doi.org/10.1371/journal.pone.0211560.t005
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tended to be allocated to aboveground plant parts. In addition, regressive relationships of R
and H conformed to power functions with AB and R/S, respectively, and their power expo-

nents had gaps larger than 1, demonstrating that species diversity had an allometric relation-

ship with biomass in subalpine meadows.

Discussion

Spatial distribution of species diversity

Species distribution patterns are outcomes of many ecological processes, which are controlled

by species evolution (establishment, migration, and extirpation), variations in geography, and

Fig 6. Variations of biomass with latitude and longitude in subalpine meadows. Biomass indices included aboveground, belowground, and total biomass as well as

the root:shoot ratio. The data were collected from six quadrats on each of nine mountain sites (54 quadrats in total); means for each mountain site were used in the

analysis. Therefore, each index had nine values.

https://doi.org/10.1371/journal.pone.0211560.g006
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environmental factors (geology, geomorphology, climate, and soil); these then create relatively

large discrepancies for patterns of species diversity along geographical gradients for research-

ers [21, 35, 36]. This primarily occurred in two ways: horizontally and based on elevation.

First, in horizontal patterns of distribution, some studies found that species richness had ten-

dencies to decrease with increasing latitude and longitude [30, 37, 38]. Other studies, however,

showed that species richness had no significant trends or presented quadratic function varia-

tions along latitudinal and longitudinal gradients [39, 40]. Second, in vertical distribution pat-

terns along elevational gradients, some studies indicated that α-diversity peaked at central

elevations [41–43], whereas other studies showed that α-diversity tended to decline gradually

with increasing elevation [44] or had no relationships with elevation [34]. Our study found

that α-diversity had unimodal change patterns with peak values being at high latitude and low

longitude in horizontal spaces in subalpine meadows of the Loess Plateau; trends were more

distinct along latitudinal gradients, but α-diversity was not sensitive to elevation in vertical

spaces and tended to decline with increasing elevation.

From research studies on patterns of variation in β-diversity along elevational gradients,

many scholars also obtained different results. These could be roughly divided into three types.

Fig 7. Changes of biomass with elevation in subalpine meadows. The data were collected from six quadrats on each of nine mountain sites (54 quadrats in total);

means for each mountain site were used in the analysis. Therefore, each biomass index had nine values.

https://doi.org/10.1371/journal.pone.0211560.g007
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First, β-diversity had no regular changes with elevation, and greater values usually appeared in

community ecotones [45]. In the second type, β-diversity had monotonic decrements with

increasing elevation [46, 47]. Last, β-diversity rarely changed at low elevation, but sharply

increased at high elevations and with increasing elevation [48]. In our research on subalpine

meadows, with increasing latitude, longitude, and elevation, the species turnover rate declined

and community composition similarity was magnified; therefore, β-diversity was diminished,

and amplitudes of variation were the greatest along latitudinal gradients, taking second place

along elevational gradients, and were smallest along longitudinal gradients.

γ-Diversity presented two universal distribution patterns along elevational gradients.

One was partial peak in distribution patterns with peak values of different studies appearing

in different regions [47, 49] and the other featured negative correlation patterns with line-

arly decreasing trends [50]. Our study found that total species richness had significant

changes with a quadratic function that initially increased and then decreased with longitude

and elevation as well as at latitudes of 37.5–40˚ in subalpine meadows of the Loess Plateau.

Fig 8. Regression analysis between α-diversity and biomass in subalpine meadows. The data were collected from six quadrats on each of nine mountain sites (54

quadrats in total); means for each mountain site were used in the analysis. Therefore, each α-diversity and biomass index had 54 values. Significant relationships were

selected between α-diversity and biomass indices.

https://doi.org/10.1371/journal.pone.0211560.g008
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We found that spatial distributions of γ-diversity were in accordance with unimodal change

patterns and species distribution was slightly greater in horizontal spaces than with changes

in elevation.

Patterns of the distribution of species diversity were closely correlated to scale and environ-

mental factors; in addition, these factors controlled patterns of species diversity that varied tre-

mendously at different scales [6]. Therefore, various scales ought to be sufficiently considered

in studies of patterns of species diversity. These scales not only should include scales of envi-

ronmental gradient, but also should incorporate scales of classification hierarchy [6]. Distribu-

tion patterns of species diversity along environmental gradients varied widely among species

with various biotypes. For herbaceous communities, these were familiar distribution patterns

for α-diversity showing unimodal patterns with latitude and reduced trends with increasing

elevation. For species with different life-forms, β-diversity possessed similar distribution pat-

terns along environmental gradients that decreased with increasing gradients. For γ-diversity,

it mostly exhibited partial peak distribution patterns with environmental gradients. Hence,

distribution patterns of species diversity were different for various vegetation forms and spatial

scales. Therefore, many researchers have proposed different theories and hypotheses that can

be used to decipher these differences, such as Rapoport’s law, the energy hypothesis, and the

mid-domain effect [51, 52].

The horizontal spatial distribution of species diversity approximated unimodal change pat-

terns in subalpine meadows of the Loess Plateau; these distributions were more obvious along

latitudinal gradients, which were intimately related to the local natural environment and

human activities. The Loess Plateau has climatically severe environments caused by the dry cli-

mate, concentrated precipitation, sparse vegetation, and serious soil erosion, as well as the

influence of human disturbance such as grazing and tourism. From north to south on the east

of the Loess Plateau, the elevation of mountains gradually becomes lower, but human distur-

bance tends to be enhanced, so that serious human disturbance has negative effects on species

diversity at low latitudinal regions. However, in high latitudinal regions, the cold climate slows

soil formation and plant growth, where other adverse environments exceed the limitations of

tolerance of the majority of species such as intense solar radiation and large differences

between day and nighttime temperatures. Therefore, the central latitudinal regions serve as

transitional areas with plant species differentiation falling between the above extremes, and

these area have relatively greater species diversity [33]. This conclusion verified the advantages

of the mid-domain effect.

Regarding the elevation in our study area, the mean elevation was 2472 m in subalpine

meadows, but they were mostly between elevations of 2250 m and 2745 m with differences

being less than 500 m. This indicates that the elevational differences of the mountains on

the east of the Loess Plateau were too small to have apparent effects on local species diver-

sity. However, α-diversity of subalpine meadows slightly decreased with increasing eleva-

tion, whereas β-diversity tended to decease along spatial gradients, demonstrating that

species diversity was high in areas with relatively high temperature (S1 Fig). This conclusion

agreed perfectly with the environmental energy hypothesis and also provided further proof

of the validity of Rapoport’s law [51]. This finding inferred that climates were relatively

frigid in high elevational and latitudinal regions and changed more dramatically than cli-

mates at low elevational and latitudinal regions, which resulted in broader distribution

ranges of plants at high elevational and latitudinal regions. Thus, their species turnover

rates between adjoining gradient belts were smaller than in low elevational and latitudinal

regions.
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Spatial distribution of biomass

Since the 20th century, additional research on biomass has been conducted on forest plants

growing in mountainous areas [53–55]. However, few research studies have addressed biomass

allocation for alpine herbaceous plants along spatial gradients; the vast majority of studies have

merely been limited to a certain spatial scale such as slope position and elevation with study

areas being mostly concentrated on the Qinghai-Tibetan Plateau and the Swiss Alps [41, 56–

59]. As a result, research on the distribution and allocation of herbaceous biomass is extremely

rare at different spatial scales in other high-elevation and mountainous regions.

Studies on alpine meadows have illustrated that plants allocate more biomass to below-

ground parts with increasing elevation, and individual plants tended to become dwarfed as

one moves from subalpine areas to snow belts; this change leads to decrements in ratios of

aboveground plant biomass to belowground biomass and total biomass, respectively [41]. This

finding demonstrates that the allocation of plants to sexual reproduction declined and asexual

reproduction was augmented with increasing elevation; in addition, R/S increased with

decreasing stem biomass and increasing root biomass (especially fine roots with diameters less

than 2 mm). This promoted belowground plant parts to acquire sufficient nutrients and to

adapt temperatures in order to adapt to extreme environments, such as strong wind, low tem-

perature, and depleted soil in high-elevation mountains [60–62]. As is well-known, subalpine

meadows develop in mountains at relatively high elevations, with relatively low micro-habitat

temperatures. As trade-offs for meadow plants on resource investments for growth and devel-

opment, cold environments induced plants to allocate more assimilation substances to below-

ground organs, especially to underground storage organs, allowing the plants to facilitate the

establishment of plants through germination and a resistance of alpine environmental stress;

this caused individual plants to produce larger R/S [41].

We concluded that the spatial distribution of aboveground biomass tended to be more

obvious at high environmental gradients in subalpine meadows of the Loess Plateau with vari-

ations of aboveground biomass being greater along latitudinal gradients and belowground bio-

mass having smaller differences along latitudinal and longitudinal gradients. Toward the north

and east in the study area, more biomass was allocated to belowground plant parts and bio-

mass allocation was more evident along latitudinal gradients than longitudinal gradients.

From low to high elevation, biomass allocation also tended to emphasize belowground plant

parts while the amount of aboveground biomass was significantly reduced, demonstrating that

a close correlation existed between aboveground biomass and elevation.

In previous studies, plant biomass in mountainous areas exhibited horizontal variation pat-

terns of increasing from west to east and from north to south [30, 63, 64]. However, the vertical

distribution of plant biomass was more complex and assumed either negative correlations

[65], unimodal patterns [16], or nonlinear response relationships [53] with variations in eleva-

tion. The causes of various patterns of change in biomass are still uncertain along spatial gradi-

ents, and a majority of studies show that ratios of water to heat were a primary reason that

gave rise to differential distributions of biomass [1, 66, 67]; however, other mechanisms

remain unclear. Moreover, plants of different function groups possessed differential responses

to changes in environmental factors [68]. Therefore, plants of subalpine meadows allocated

more biomass to belowground parts with spatial gradients increasing with elevation in the

Loess Plateau. Thus, it is important to explore the influence of environmental factors on a

plant community by studying the effects of environmental gradients on species diversity and

biomass from the level of plant population.
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Relationship between species diversity and biomass

Relationships between species diversity and biomass can reveal how ecosystems function and

can help researchers understand the processes involved in biodiversity as it relates to ecosys-

tem functioning [69–72]. In our research, relationships between species diversity and biomass

were in accordance with allometric models in subalpine meadows of the Loess Plateau; bio-

mass allocation tended toward producing aboveground plant parts with increments of species

diversity, and thus produced enlargements on aboveground biomass. Researchers have gener-

ally acknowledged that biomass was enhanced with increasing species diversity and showed

that a power function relationship between them [73]. Results from human-made ecosystems

have indicated that systems with the most abundant species produced the greatest biomass,

that is, poly-species systems had larger biomass than rare-species systems [8, 74]; experiments

in natural grasslands and abandoned lands also illustrated that species diversity had distinct

effects on maintaining biomass levels [5, 75]. Nevertheless, this might be caused by sampling

effects as well, that is, when more species were selected from a species pool, greater probabili-

ties existed for finding high-biomass species, and then ecosystem productivity increased,

which was not induced by increments of species diversity [76, 77]. Under field conditions,

because species diversity is influenced by environmental and human disturbance, correlations

had complex relationships between species diversity and biomass [68], which was usually man-

ifested in four types: linear relationships [78], nonlinearly unimodal relationships [79], S-type

curves [8, 80], and non-correlated relationships [75, 81]. Studies in recent years have princi-

pally emphasized the effects of human factors on species diversity, while correlations between

species diversity and biomass have not been given enough attention under natural conditions

[17, 78, 82, 83].

Furthermore, owing to discrepancies in study scales, projects, and areas, conclusions from

studies on correlations also had great differences between species diversity and biomass [84].

For example, in several studies [85–89], (1) topographical disturbances were eliminated by

using studies at larger geographical scales, but concrete differences in community diversity

were neglected when geographical units had small scales; (2) simulation studies were carried

out in homogeneous habitats and artificial communities at small scales, but the influence of

stronger spatial heterogeneity caused by enlargements of scale were omitted in studies of diver-

sity and productivity; and (3) in mountainous research studies, scales were focused only on a

single space level and lacked systematic research in mountains at overall space hierarchies.

The positive correlation of species diversity with biomass in our study was probably a result

that agreed with the biogeographic affinity hypothesis; that is, the ability of species to tolerate

climate probably developed under dual effects of Earth’s climates and species evolution in eco-

logical niches [30, 90]. Meanwhile, this result supports our common understanding that high

levels of species diversity provide an important way for ecosystems to maintain biomass, that

is, greater species diversity realizes accommodation to an environment by providing for spe-

cies redundancy and functional complementation, and thus sustained the relative stability of

productivity in alpine grasslands [30]. Thereby, from a level of plant population in natural con-

ditions, species diversity has important significance to the discussion of spatial distributions

and correlations of species diversity and biomass at various levels; this illuminates the internal

mechanisms of functional relationships between biodiversity and ecosystems.

Conclusions

We reported the distribution patterns and correlations of species diversity and biomass at vari-

ous spatial scales in subalpine meadows on the east of the Loess Plateau in China.
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1. α-Diversity of subalpine meadows presented unimodal change patterns with smaller values

in the central mountains. This was more obvious along latitudinal gradients, but it was not

sensitive to the effects of elevation. β-Diversity had tendencies to decrease with increasing

spatial gradients and amplitudes of variation that were greatest along latitudinal gradients.

γ-Diversity generally conformed to unimodal change patterns in spatial distribution, which

was slightly larger in horizontal spaces than with elevation. The relationship among α, β, γ
diversity conformed to the function of β = γ/α.

2. The spatial distribution of biomass in subalpine meadows tended to exhibit high geographi-

cal gradients and more biomass was allocated to belowground plant parts with increased

spatial gradients. However, responses of aboveground AB to variations in spatial gradient

were more sensitive than that of BB. Correlations of species diversity with biomass were in

accordance with an allometric model in subalpine meadows; biomass allocation tended to

favor belowground plant parts with increasing species diversity, and thus enlarged above-

ground biomass.

Supporting information

S1 Table. Abbreviations of indices in this study: α-, β-, and γ-diversity, along with biomass

had four, three, one, and four abbreviated indices, respectively.

(DOCX)

S1 Fig. Temperature data for nine mountain sites analyzed in this study in 2016. In this fig-

ure, the upper and lower parts provide the deciphered trends of mean monthly temperature

with various months on nine mountains and a significant trend of annual mean temperature

on nine mountains (P<0.05). Data are from meteorological bureaus of various cities or coun-

ties: Guangling County for DD, Wutai County for BT and DT, Ningwu County for ML, Wuz-

hai County for HY, Yuanping City for YZ, Loufan County for YD, Yuanqu County for SU,

and Yangcheng County for SE. Table 1 provides the full names for each mountain with acro-

nyms only used in this figure.

(TIF)
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46. Sklenar P, Ramsay M. Diversity of zonal páramo plant communities in Ecuador. Divers Distrib. 2001; 7:

113–124. https://doi.org/10.1046/j.1472-4642.2001.00101.x

47. Wang GH, Zhou GS, Yang LM, Li ZQ. Distribution, species diversity and lifeform spectra of plant com-

munities along an altitudinal gradient in the northern slopes of Qilianshan Mountains, Gansu, China.

Plant Ecol. 2002; 165: 169–181. https://doi.org/10.1023/A:1022236115186 AGR: IND43658307

48. Odland A, Birks HJB. The altitudinal gradient of vascular plant richness in Aurland, western Norway.

Ecography. 1999; 22: 548–566. https://doi.org/10.1111/j.1600-0587.1999.tb01285.x

49. Grytnes JA, Vetaas OR. Species richness and altitude: a comparison between Null models and interpo-

lated plant species richness along the Himalayan altitudinal gradient, Nepal. Am Nat. 2002; 159: 294–

304. https://doi.org/10.1086/338542 PMID: 18707381

50. Tang ZY, Fang JY. A review on the elevational patterns of plant species diversity. Biodivers Sci. 2004;

12: 20–28. CBA: 398632

51. Wright DH. Species-energy theory: an extension of species-area theory. Oikos. 1983; 41: 496–506.

https://doi.org/10.2307/3544109

52. Colwell RK, Lees DC. The mid-domain effect: geometric constraints on the geography of species rich-

ness. Trends Ecol Evol. 2000; 15: 70–76. https://doi.org/10.1016/S0169-5347(99)01767-X PMID:

10652559

53. Oleksyn J, Modrzyński J, Tjoelker MG, Zytkowiak R, Reich PB, Karolewski P. Growth and physiology of

Picea abies populations from elevational transects: common garden evidence for altitudinal ecotypes

and cold adaptation. Funct Ecol. 1998; 12: 573–590. https://doi.org/10.2307/2390440

54. Oleksyn J, Tjoelker MG, Reich PB. Growth and biomass partitioning of populations of European Pinus

sylvestris L. under simulated 50˚ and 60˚N daylengths: evidence for photoperiodic ecotypes. New Phy-

tol. 1992; 120: 561–574. https://doi.org/10.1111/j.1469-8137.1992.tb01806.x

55. Hölscher D, Schmitt S, Kupfer K. Growth and leaf traits of four broad-leaved tree species along a hillside

gradient. Forstwiss Centralbl. 2002; 121: 229–239. https://doi.org/10.1046/j.1439-0337.2002.02031.x

56. Körner CH, Renhardt U. Dry matter partitioning and root length/leaf area ratios in herbaceous perennial

plants with diverse altitudinal distribution. Oecologia. 1987; 74: 411–418. https://doi.org/10.1007/

BF00378938 PMID: 28312481

57. Yang YH, Fang JY, Ma WH, Guo DL, Mohammat A. Large-scale pattern of biomass partitioning across

China’s grasslands. Global Ecol Biogeogr. 2010; 19: 268–277. https://doi.org/10.1111/j.1466-8238.

2009.00502.x

58. Yang YH, Fang JY, Ji CJ, Han WX. Above- and belowground biomass allocation in Tibetan grasslands.

J Veg Sci. 2009; 20: 177–184. https://doi.org/10.1111/j.1654-1103.2009.05566.x AGR: IND44284820

59. Li YH, Luo TX, Lu Q. Plant height as a simple predictor of the root to shoot ratio: evidence from alpine

grasslands on the Tibetan Plateau. J Veg Sci. 2008; 19: 245–252. https://doi.org/10.3170/2007-8-

18365 AGR: IND44034935

60. Mack MC, D0Antonio CM. Exotic grasses alter controls over soil nitrogen dynamics in a Hawaiian wood-

land. Ecol Appl. 2003; 13: 154–166. https://doi.org/10.1890/1051-0761(2003)013[0154:EGACOS]2.0.

CO;2

Species diversity and biomass in east China

PLOS ONE | https://doi.org/10.1371/journal.pone.0211560 February 27, 2019 24 / 26

https://doi.org/10.2307/2997814
https://doi.org/10.3724/SP.J.1003.2014.13186
https://doi.org/10.1007/s11427-010-4054-9
http://www.ncbi.nlm.nih.gov/pubmed/21104375
https://doi.org/10.3724/SP.J.1011.2011.00110
https://doi.org/10.11686/cyxb20140638
https://doi.org/10.1023/A:1015564303206
https://doi.org/10.1023/A:1015564303206
https://doi.org/10.1046/j.1472-4642.2001.00101.x
https://doi.org/10.1023/A:1022236115186
https://doi.org/10.1111/j.1600-0587.1999.tb01285.x
https://doi.org/10.1086/338542
http://www.ncbi.nlm.nih.gov/pubmed/18707381
https://doi.org/10.2307/3544109
https://doi.org/10.1016/S0169-5347(99)01767-X
http://www.ncbi.nlm.nih.gov/pubmed/10652559
https://doi.org/10.2307/2390440
https://doi.org/10.1111/j.1469-8137.1992.tb01806.x
https://doi.org/10.1046/j.1439-0337.2002.02031.x
https://doi.org/10.1007/BF00378938
https://doi.org/10.1007/BF00378938
http://www.ncbi.nlm.nih.gov/pubmed/28312481
https://doi.org/10.1111/j.1466-8238.2009.00502.x
https://doi.org/10.1111/j.1466-8238.2009.00502.x
https://doi.org/10.1111/j.1654-1103.2009.05566.x
https://doi.org/10.3170/2007-8-18365
https://doi.org/10.3170/2007-8-18365
https://doi.org/10.1890/1051-0761(2003)013[0154:EGACOS]2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013[0154:EGACOS]2.0.CO;2
https://doi.org/10.1371/journal.pone.0211560


61. Luo TX, Brown S, Pan YD, Shi PL, Ouyang H, Yu ZL, et al. Root biomass along subtropical to alpine

gradients: global implication from Tibetan transect studies. Forest Ecol Manag. 2005; 206: 349–363.

https://doi.org/10.1016/j.foreco.2004.11.016 AGR: IND43702099

62. Mokany K, Raison RJ, Prokushkin AS. Critical analysis of root: shoot ratios in terrestrial biomes. Global

Change Biol. 2006; 12: 84–96. https://doi.org/10.1111/j.1365-2486.2005.001043.x

63. Gao QZ, Li Y, Wan YF, Qin XB, Jiangcun WZ, Liu YH. Dynamics of alpine grassland NPP and its

response to climate change in northern Tibet. Climatic Change. 2009; 97: 515–528. https://doi.org/10.

1007/s10584-009-9617-z

64. Zhang Y, Chen HYH. Individual size inequality links forest diversity and above-ground biomass. J Ecol.

2015; 103: 1245–1252. https://doi.org/10.1111/1365-2745.12425

65. Fabbro T, Körner CH. Altitudinal differences in flower traits and reproductive allocation. Flora. 2004;

199: 70–81. https://doi.org/10.1078/0367-2530-00128 AGR: IND43624627

66. Adler PB, Seabloom EW, Borer ET, Hillebrand H, Hautier Y, Hector A, et al. Productivity is a poor pre-

dictor of plant species richness. Science. 2011; 333: 1750–1753. https://doi.org/10.1126/science.

1204498 PMID: 21940895

67. Dorji T, Moe SR, Klein JA, Totland O. Plant species richness, evenness, and composition along envi-

ronmental gradients in an alpine meadow grazing ecosystem in central Tibet, China. Arct Antarct Alp

Res. 2014; 46: 308–326. https://doi.org/10.1657/1938-4246-46.2.308

68. Lin DM, Pang M, Lai JS, Mi XC, Ren HB, Ma KP. Multivariate relationship between tree diversity and

aboveground biomass across tree strata in a subtropical evergreen broad-leaved forest. Chinese Sci

Bull. 2017; 62: 1861–1868. https://doi.org/10.1360/N972016-01072

69. Condit R, Pitman N, Leigh EG Jr, Chave J, Terborgh J, Foster RB, et al. Beta-diversity in tropical forest

trees. Science. 2002; 295: 666–669. https://doi.org/10.1126/science.1066854 PMID: 11809969

70. Tilman D, Reich PB, Knops JMH. Biodiversity and ecosystem stability in a decade-long grassland

experiment. Nature. 2006; 441: 629–632. https://doi.org/10.1038/nature04742 PMID: 16738658

71. Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern BS, et al. Impacts of biodiversity loss on

ocean ecosystem services. Science. 2006; 314: 787–790. https://doi.org/10.1126/science.1132294

PMID: 17082450

72. Ives AR, Carpenter SR. Stability and diversity of ecosystems. Science. 2007; 317: 58–62. https://doi.

org/10.1126/science.1133258 PMID: 17615333

73. Xie HT, He XD, You WX, Yu D, Liu HF, Wang JL, et al. Effects of ecological stoichiometry on biomass

and species diversity of the Artemisia ordosica community in Habahu National Nature Reserve. Acta

Ecol Sin. 2016; 36: 3621–3627. https://doi.org/10.5846/stxb201506171229

74. Naeem S, Thompson LJ, Lawler SP, Lawton JH, Woodfin RM. Declining biodiversity can alter the per-

formance of ecosystems. Nature. 1994; 368: 734–737. https://doi.org/10.1038/368734a0

75. Tilman D, Downing JA. Biodiversity and stability in grasslands. Nature. 1994; 367: 363–365. https://doi.

org/10.1038/367363a0

76. Huston MA, Aarssen LW, Austin MP, Cade BS, Fridley JD, Garnier E, et al. No consistent effect of plant

diversity on productivity. Science. 2000; 289: 1255. https://doi.org/10.1126/science.289.5483.1255a

PMID: 10979839

77. Wardle DA, Huston MA, Grime JP, Berendse F, Garnier E, Lauenroth WK, et al. Biodiversity and eco-

system functioning: an issue in ecology. Bull Ecol Soc Am. 2000; 81: 235–239. https://doi.org/10.2307/

20168451

78. Zhao J, Li W, Jing GH, Wei L, Cheng JM. Responses of species diversity and aboveground biomass to

nitrogen addition in fenced and grazed grassland on the Loess Plateau. Acta Pratac Sin. 2017; 26: 54–

64. https://doi.org/10.11686/cyxb2017064

79. Declerck S, Vandekerkhove J, Johansson L, Muylaert K, Conde-Porcuna JM, Van der Gucht K, et al.

Multi-group biodiversity in shallow lakes along gradients of phosphorus and water plant cover. Ecology.

2005; 86: 1905–1915. https://doi.org/10.1890/04-0373

80. Thiele-Bruhn S, Beck IC. Effects of sulfonamide and tetracycline antibiotics on soil microbial activity and

microbial biomass. Chemosphere. 2005; 59: 457–465. https://doi.org/10.1016/j.chemosphere.2005.

01.023 PMID: 15788168

81. Hooper DU, Brown VK, Brussaard L, Dangerfield JM, Wall DH, Wardle DA, et al. Interactions between

aboveground and belowground biodiversity in terrestrial ecosystems: patterns, mechanisms, and feed-

backs. Biol Sci. 2000; 50: 1049–1061. https://doi.org/10.1641/0006-3568(2000)050[1049:IBAABB]2.0.

CO;2

82. Liu J, Zhao Y, Zhang QM, Xu SJ. Effects of land use on soil microbial biomass and community structure

in the loess hill region of west Henan. Acta Pratac Sin. 2016; 25: 36–47. https://doi.org/10.11686/

cyxb2016057

Species diversity and biomass in east China

PLOS ONE | https://doi.org/10.1371/journal.pone.0211560 February 27, 2019 25 / 26

https://doi.org/10.1016/j.foreco.2004.11.016
https://doi.org/10.1111/j.1365-2486.2005.001043.x
https://doi.org/10.1007/s10584-009-9617-z
https://doi.org/10.1007/s10584-009-9617-z
https://doi.org/10.1111/1365-2745.12425
https://doi.org/10.1078/0367-2530-00128
https://doi.org/10.1126/science.1204498
https://doi.org/10.1126/science.1204498
http://www.ncbi.nlm.nih.gov/pubmed/21940895
https://doi.org/10.1657/1938-4246-46.2.308
https://doi.org/10.1360/N972016-01072
https://doi.org/10.1126/science.1066854
http://www.ncbi.nlm.nih.gov/pubmed/11809969
https://doi.org/10.1038/nature04742
http://www.ncbi.nlm.nih.gov/pubmed/16738658
https://doi.org/10.1126/science.1132294
http://www.ncbi.nlm.nih.gov/pubmed/17082450
https://doi.org/10.1126/science.1133258
https://doi.org/10.1126/science.1133258
http://www.ncbi.nlm.nih.gov/pubmed/17615333
https://doi.org/10.5846/stxb201506171229
https://doi.org/10.1038/368734a0
https://doi.org/10.1038/367363a0
https://doi.org/10.1038/367363a0
https://doi.org/10.1126/science.289.5483.1255a
http://www.ncbi.nlm.nih.gov/pubmed/10979839
https://doi.org/10.2307/20168451
https://doi.org/10.2307/20168451
https://doi.org/10.11686/cyxb2017064
https://doi.org/10.1890/04-0373
https://doi.org/10.1016/j.chemosphere.2005.01.023
https://doi.org/10.1016/j.chemosphere.2005.01.023
http://www.ncbi.nlm.nih.gov/pubmed/15788168
https://doi.org/10.1641/0006-3568(2000)050[1049:IBAABB]2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050[1049:IBAABB]2.0.CO;2
https://doi.org/10.11686/cyxb2016057
https://doi.org/10.11686/cyxb2016057
https://doi.org/10.1371/journal.pone.0211560


83. Sun YX, Yan C, Xu HL, Yao YL. Grassland community species diversity and aboveground biomass

responses to difference in cover soil thickness in restoration after mining damage. Acta Pratac Sin.

2017; 26: 54–62. https://doi.org/10.11686/cyxb2016072

84. Kessler M, Salazar L, Homeier J, Kluge J. Species richness–productivity relationships of tropical terres-

trial ferns at regional and local scales. J Ecol. 2014; 102: 1623–1633. https://doi.org/10.1111/1365-

2745.12299

85. Bai YF, Wu JG, Pan QM, Huang JH, Wang QB, Li FS, et al. Positive linear relationship between produc-

tivity and diversity: evidence from the Eurasian Steppe. J Appl Ecol. 2007; 44: 1023–1034. https://doi.

org/10.2307/4539322 AGR: IND43947276

86. Ali A, Yan ER, Chen HYH, Chang SX, Zhao YT, Yang XD, et al. Stand structural diversity rather than

species diversity enhances aboveground carbon storage in secondary subtropical forests in Eastern

China. Biogeosciences. 2016; 13: 4627–4635. https://doi.org/10.5194/bg-13-4627-2016

87. Chen C, Zhu ZH, Li YN, Yao TH, Pan SY, Wei XH, et al. Effects of interspecific trait dissimilarity and

species evenness on the relationship between species diversity and functional diversity in an alpine

meadow. Acta Ecol Sin. 2016; 36: 661–674. https://doi.org/10.5846/stxb201405070903

88. Bracken MES, Douglass JG, Perini V, Trussell GC. Spatial scale mediates the effects of biodiversity on

marine primary producers. Ecology. 2017; 98: 1434–1443. https://doi.org/10.1002/ecy.1812 PMID:

28295223

89. Pedro MS, Rammer W, Seidl R. Disentangling the effects of compositional and structural diversity on

forest productivity. J Veg Sci. 2017; 28: 649–658. https://doi.org/10.1111/jvs.12505

90. Harrison S, Grace JB. Biogeographic affinity helps explain productivity-richness relationships at

regional and local scale. Am Nat. 2007; 170: S5–15. https://doi.org/10.1086/519010 PMID: 17874384

Species diversity and biomass in east China

PLOS ONE | https://doi.org/10.1371/journal.pone.0211560 February 27, 2019 26 / 26

https://doi.org/10.11686/cyxb2016072
https://doi.org/10.1111/1365-2745.12299
https://doi.org/10.1111/1365-2745.12299
https://doi.org/10.2307/4539322
https://doi.org/10.2307/4539322
https://doi.org/10.5194/bg-13-4627-2016
https://doi.org/10.5846/stxb201405070903
https://doi.org/10.1002/ecy.1812
http://www.ncbi.nlm.nih.gov/pubmed/28295223
https://doi.org/10.1111/jvs.12505
https://doi.org/10.1086/519010
http://www.ncbi.nlm.nih.gov/pubmed/17874384
https://doi.org/10.1371/journal.pone.0211560

