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Abstract: For quantitatively explaining the correlations between the vascular plant species
abundance (VPSA) and habitat factors, a spatial simulation method has been developed to
simulate the distribution of VPSA on the Qinghai-Tibet Plateau. In this paper, the vascular
plant type, land cover, mean annual biotemperature, average total annual precipitation, to-
pographic relief, patch connectivity and ecological diversity index were selected to screen the
best correlation equation between the VPSA and habitat factors on the basis of 37 national
nature reserves on the Qinghai-Tibet Plateau. The research results show that the coefficient
of determination between VPSA and habitat factors is 0.94, and the mean error is 2.21 types
per km? The distribution of VPSA gradually decreases from southeast to northwest, and re-
duces with increasing altitude except the desert area of Qaidam Basin. Furthermore, the
scenarios of VPSA on the Qinghai-Tibet Plateau during the periods from 1981 to 2010 (T0),
from 2011 to 2040 (T2), from 2041 to 2070 (T3) and from 2071 to 2100 (T4) were simulated
by combining the land cover change and the climatic scenarios of CMIP5 RCP2.6, RCP4.5
and RCP8.5. The simulated results show that the VPSA would generally decrease on the
Qinghai-Tibet Plateau from TO to T4. The VPSA has the largest change ratio under RCP8.5
scenario, and the smallest change ratio under RCP2.6 scenario. In general, the dynamic
change of habitat factors would directly affect the spatial distribution of VPSA on the Qing-
hai-Tibet Plateau in the future.

Keywords: spatial simulation method; vascular plant species abundance; spatio-temporal distribution; scenario
analysis; Qinghai-Tibet Plateau

1 Introduction

Vascular plants can provide the necessary material and energy for other species, so the spa-
tial distribution of vascular plant and its abundance directly affects other species structure
distribution and diversity (Gaston et al., 2000). Vascular plants play an important role be-
tween climate and atmosphere by intercepting water and nutrient cycling to affect soil and
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water conservation and surface element cycling (Yue et al., 2011; Godinez-Alvarez et al.,
2009; Pielke et al., 1998). Long-term interaction between climatic factors, environmental
factors and landscape pattern directly controls the spatial distribution of vascular plant spe-
cies.

How to analyze the spatial distribution pattern of vascular plant species abundance
(VPSA), especially simulating the VPSA on a large scale from scattered local survey data,
and quantitatively explain the spatial pattern changes of VPSA according to various influ-
encing factors, which has gradually become one of the key issues of biodiversity research
field (Gaston et al., 2000; Foley et al., 2005; Kunin et al., 2018). In recent decades, there are
many studies on the relationship between spatial distribution of vascular plants and climate
change (Zhou et al., 1996). For instance, the changes of temperature and precipitation are
the major climate factors affecting the species and distribution of vascular plants (Graham et
al., 1990; Stephenson, 1990; Gavilan et al., 2005). Land cover, as the main carrier of global
change, directly affects the biological diversity of the earth system (Kalnay et al., 2003;
Turner et al., 2007; Rounsevell ef al., 2009). For terrestrial ecosystems, land cover change
has become one of the main driving factors leading to the species diversity loss and the spa-
tial pattern change of VPSA (Sala ef al., 2000; Moreira et al., 2012). The Generalized Addi-
tive Models (GAM) was developed to simulate the vegetation distribution in the area of
2600 km? in western New South Wales, Australia (Zerger ef al., 2009). The BIOME4 model
was used to simulate the geographical distribution of vegetation types in the Tibetan Plateau
(Song et al., 2005). A prediction model of vegetation type distribution was developed by
combining the community-habitat regression analysis and geographical information tech-
nology on the basis of sample survey data (Shen et al., 2007).

The Qinghai-Tibet Plateau is one of the 25 hotspot areas of global biodiversity conserva-
tion (Myers et al., 2000; Sun et al., 2012; Zhang et al., 2016), which has the unique natural
environmental condition and the large interchange range of different biota. Based on the
method of remote sensing and geographical information technology, many studies have been
done on the spatial distribution of vegetation in terms of ecological and environmental driv-
ing factors of the Qinghai-Tibet Plateau. For instance, Zhang et al. (2016) quantitatively
assessed the changes of net primary productivity (NPP) of nature reserves based on
large-scale sampling and comparison methods. Zhuo et al. (2010) analyzed the vegetation
changing trends by using remote sensing data from 2000 to 2007. Liao et al. (2014) ana-
lyzed the relationship between the topographic factor and elevation, and estimated the vege-
tation changes in the eastern agricultural region of Qinghai Province from 2000 to 2009.
Zhong et al. (2010) used the SPOT vegetation data from 1998 to 2006 to explain the vegeta-
tion change, and found that there exists a significant relationship between the vegetation
distribution and climatic change. The vegetation area had shown a fluctuated changing trend
from 1982 to 2002 (Zhou et al., 2007), and had increased from 2000 to 2009 (Zhang et al.,
2013). The vegetation growth in spring showed an increasing trend before 1999, and then
appeared a delay change trend during the period from 1982 to 2006 (Piao ef al., 2011). Wang
et al. (2014) discussed the spatial characteristics of vegetation change and its relationship
with climatic factors at different time scales. Liu et al. (2013) found that there was a positive
correlation between temperature and vegetation area by combining the vegetation cover data
and climatic data from 1981 to 2005.

The current researches mainly focused on simulating the changing trend of vegetation
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types and land cover of the Qinghai-Tibet Plateau, and counting the VPSA at the local area
scale on the basis of sampling data. How to simulate the VPSA distribution is rarely in-
volved by extending the scatter observation data (Crist et al., 2000; Foley et al., 2005; Wade
et al., 2011). Therefore, the paper aims to use the VPSA sample data coming from 37 na-
tional nature reserves located on the Qinghai-Tibet Plateau, combine the land cover data,
climatic factors (mean annual biotemperature and average total annual precipitation), terrain
elements, and the landscape indexes (landscape ecological diversity and landscape patch
connectivity), and then develop the spatial simulation model for simulating the VPSA dis-
tribution change of the Qinghai-Tibet Plateau.

2 Data and methods

2.1 Datasets

The current land cover data in 2010 with a spatial resolution of 1 km % 1 km on the Qing-
hai-Tibet Plateau has been extracted from the land cover data of whole China (Liu et al.,
2014). The land cover scenario data in 2040 (T1), 2070 (T2) and 2010 (T3) with a spatial
resolution of 1 km % 1 km has been obtained by operating the surface model of land cover in
CMIP5 RCP2.6, RCP4.5 and RCPS.5 scenarios (Fan et al., 2005; Yue et al., 2005; 2007; Yue,
2011; Fan et al., 2015). The climatic data with a spatial resolution of 1 km x 1 km has been
simulated by a high accuracy and speed method of surfacing modeling (HASM), including
the mean annual biotemperature and average total annual precipitation from 1981 to 2010,
and the climatic scenarios raster data in the RCP2.6, RCP4.5 and RCP8.5 of CMIP5 from T1
to T3 (Yue and Wang, 2010; Yue, 2011; Fan et al., 2013a; 2013b; Yue et al., 2013). The
vascular plant species data has been obtained from the 37 national nature reserves on the
Qinghai-Tibet Plateau, which was published by the Ministry of Ecology and Environment of
the People’s Republic of China (http://www.zhb.gov.cn/stbh/zrbhq/qgzrbhqml/). The Qing-
hai-Tibet Plateau boundary data has been obtained from Global Change Research Data Pub-
lishing & Repository (Zhang et al., 2002; Zhang et al., 2014) (http://www.geodoi.ac.cn/
doi.aspx?doi=10.3974/geodb.2014.01.12.v1). The boundary map of the protected area was
collected from the Ministry of Ecol- 75°E  80°E 85°E 90°E  95°E 100°E 105°E

ogy and Environment of the People’s  40°N/| 45°N
Republic of China, and digitized
manually within ArcGIS software | 40°N
(Yue et al., 2001; Fan et al., 2013b) 35°N+
(Figure 1). The DEM data were
from NASA’s SRTM (http://srtm. L 350N
csi.cgiar.org/) with a spatial resolu- 30°N{
tion of 1 km x 1 km.
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tion of the VPSA in national nature reserves has a good correlation with mean annual bio-
temperature, average total annual precipitation, topographic relief, land cover pattern. So, the
vascular plant species data of national nature reserve on the Qinghai-Tibet Plateau are used
to develop the spatial simulation method of VPSA. The land cover, climatic factors, topog-
raphic relief, and landscape index have been selected to analyze the spatial correlation be-
tween the spatial distribution of the VPSA and habitat factors on the Qinghai-Tibet Plateau.

First of all, the area of each land cover type (including: cultivated land, forest, grassland,
wetland, built-up land, desert and bare rock, snow and ice) has been computed by operating
GIS software.

Secondly, the spatial correlation between VPSA and environmental factors has been ana-
lyzed in terms of the mean annual biotemperature (MAB), average total annual precipitation
(TAP) (Fan et al., 2015), and topographic relief (RE). The calculation equations of MAB,

TAP and RE formula can be respectively formulated as:
365

1
MAB(WF%ZTEMm(j,x,y,t) (1)
j=1
365
TAP(x,y) = P(j.x.y) 2)
Jj=1
A!
Re=— 3
€= 3)

where MAB(x, y) represents the value of MAB at site (x, y); TEM>¢ (j, x, y, t) represents the
value summing the hourly temperature above 0°C on the jth day and being divided by 24;
TAP(x, y) represents the value of average total annual precipitation at site (x, y); P(j, x, y)
represents the mean of precipitation at site (x, y) on the jth day; Re is the topographic relief;
A’ is the area of the true terrain surface, and 4 is the area of the terrain projection on the
plane.

Moreover, the ecological diversity index and patch connectivity index of land cover (Yue,
1999; Yue and Liu, 2004; Fan ef al., 2005; Van Vuuren et al., 2011) have been selected to
analyze the correlation between VPSA and landscape index, which can be respectively for-
mulated as:

D(1)=—Z (4)

Co(t)= ) IAGIG (%)

S;()=—""— (6)

where ¢ is the variable of time; D(¢) and m(¢) are respectively the ecological diversity of land
cover and the total number of the land cover type; Pi(f) is the probability of the ith land
cover type of the total study area; e=(e+a) ' is the observation scale, a is the total area of
land cover, e equals 2.71828; Co(?) is the patch connectivity of land cover; 4,(¢) is the area
of the jth patch in the ith land cover type; pr;(f) is the perimeter of the jth patch in the ith

land cover type; 83 is the ratio of the square of perimeter to the area of a hexagon; m(?) is
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the number of land cover type, n(f) is the patch number of a certain land cover type; P(?) is
the proportional area of the jth land cover patches to the total area of the ith land cover type.

Finally, on the basis of the basic data of VPSA from the 37 national nature reserves on the
Qinghai-Tibet Plateau, land cover, MAB, TAP and landscape index, the correlations between
habitat factors and VPSA are analyzed, and the optimal regression equations are selected.

The linear regression and non-linear regression models have been generally adopted to
create the current species-area curve and other species abundance models, but the selected
model format has many limitations. For overcoming them, the linear model (y=A4+Bx), loga-
rithmic model (y=A4+BlInx) and exponential model (y=Be") were respectively used. Where y
represents the VPSA, x represents the influencing factor, and 4 and B are fitted coefficients.
The regression models and fitted coefficients between VPSA and explanatory variables are
summarized in Table 1.

Table 1 Equations between vascular plant abundance and driving factors

Factor . . Coefficient of

Function type Equation .

type determination

Environ-  Linear y=259.79+120.06MAB —0.31MAP +3179.40Re R=0.85
ment Exponentand  y=-756.85+0.20exp(MAB) —118.68InMAP +1950.94exp(Re) R=0.91
variable logarithm

Logarithm ¥ =-2789.60 — 25.10[nMAB — 665.62InMAP +395.03InRe R=0.68
Land- Linear 3 =1217.50—1643.47Cot + 3245.51D¢ R=0.31
scape Exponent —_ _ R=0.52
index p y=-541.70 1547.10exp(Col)+3301.286xp(Dt)

Logarithm 3 =1109.06 +12.06/nCot — 38.37InDt R=0.20
Land Linear 1 =881.86+2.94%1070Ca +7.30%1077 Fo+1.85*10°Gr —7.88* R=0.65
cover S 4 5 5
; 10°Wa—1.61%10"* Bu—2.17*10 De— 6.47*10 % Ic
ype

Logarithm y =388.46 +39.83InCa + 57.89InFo — 7.48InGr — 62.01nWa R=0.80

—19.96InBu + 2.84InDe + 44.84Inlc

Notes: y is the VPSA; MAB, MAP and Re are respectively mean annual biotemperature, total annual average precipi-
tation and topographic relief; Dt and Cot are respectively landscape diversity and patch connectivity of land cover; Ca,
Fo, Gr, Wa, Bu, De and Ic are respectively cultivated land, forest land, grassland, wetland, built-up land, desertification
land and ice area.

Table 1 shows that the exponent and logarithmic mixed model (R=0.91) is superior to the
simple linear model (R = 0.85) and the logarithmic model (R = 0.68) for counting the corre-
lation between environmental factors and VPSA. The exponential model (R = 0.52) is supe-
rior to the linear model (R = 0.31) and logarithmic model (R = 0.20) for counting the corre-
lation between landscape index and VPSA. For computing the correlation between the land
cover type factor and vascular plant species abundance, the logarithmic model (R = 0.80) is
better than other regression format.

2.3 Spatial simulation method of vascular plant species abundance

According to the regression model analysis results of the VPSA and habitat factors, the rela-
tionship between the VPSA and land cover type factors, environmental factors and landscape
index was analyzed. The three best suitable equations of logarithmic model, exponential
logarithmic model and exponential model are used respectively, and then the spatial simula-
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tion model of the VPSA distribution on the Qinghai-Tibet Plateau can be formulated as:
| oInCa(x,y), |
+a, In Fo(x,y)t
+a5ln Gr(x,y)t
VPSA(x,y)t =Cons + |+ a,In Wa(x,y)t +
+a5In Bu (x,y)t
+ag In De(x, y), (7)

|ty Inlc(x,y)

B, exp [MAB(x,y)t]
@, 3 +f, InMAP(x,y), t+

+ B, exp [Re(x,y)t]
where ¢ is the variable of time; (x, y) is the position coordinate; Cons is constant; w is the
model coefficient; VPSA(x, y), is the VPSA at site (x, y) in the ¢ period; MAB(x, y), is the
mean annual biotemperature at site (x, y) in the ¢ period; MAP(x, y), is the average total an-
nual precipitation at site (x, y) in the ¢ period; Re(x, y); is the average topographic relief at

t

2 exp[Cot(x,y)t]
+75 exp[Dt(x,y t]

site (x, ) in the ¢ period; Cot(x, ), is the patch connectivity of land cover at site (x, y) in the
t period; Dt(x, t), is the ecological index at site (x, y) in the ¢ period; Ca(x, y); is the area of
cultivated land at site (x, y) in the ¢ period; Fo(x, y), is the area of forest at site (x, y) in the ¢
period; Gr(x, y), is the area of grassland at site (x, y) in the ¢ period; Wa(x, y); is the area of
water at site (x, y) in the ¢ period; Bu(x, y), is the area of built-up land at site (x, y) in the ¢
period; De(x, y); is the area of desert at site (x, y) in the ¢ period; Ic(x, y), is the area of snow
and ice at site (x, y) in the ¢ period; a1, a,, a3, 04, as, 06 and o5 are the fitted coefficients be-
tween the VPSA and the land cover types; £1, f» and f; are the fitted coefficients between
the VPSA and mean annual biotemperature, average total annual precipitation, and topog-
raphic relief; y; and y; are the fitted coefficients between the VPSA and ecological diversity,
and patch connectivity index. The fitted coefficients of explanatory variables in equation (7)
are obtained by running the best suitable regression equation of the vascular plant species
(Figurel) covering 37 national nature reserves on the Qinghai-Tibet Plateau: Cons =
—11582.89, w; = 0.38, w, =0.98, w3 = 1.02, a; = 66.08, a, = 0.68, a3 = 2.40, a4 = —34.22, as
= 4.04, ag = 31.63, a7 = 56.00, f; = 0.23, p, = 536.45, p5 = 1400.28, y; = -283.11, y, =
6007.68. The coefficient of determination of equation (7) is R=0.94 and passes the signifi-
cance test of 0.01. The spatial distribution and scenarios of VPSA on the Qinghai-Tibet Pla-
teau were simulated and analyzed by operating the spatial simulation method of VPSA.

3 Results

3.1 Model validation

The spatial distribution of VPSA was simulated by operating the spatial distribution model
of VPSA with the vascular plant species data from the 37 national nature reserves and land
cover data in Qinghai-Tibet Plateau in 2010. For validating the model accuracy, the mean
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VPSA number (per km?) was calculated in each nature reserve. The error between the simu-
lated value of the VPSA number per km® and the statistical value can be calculated as:

1< |Valueis - Value,-,|
Spror =— E 8
Error ns [ S J ( )

1

where Sg..- 1S the simulation error of VPSA, #n is the number of nature reserves, S; is the area
of the ith nature reserve, Value;; and Value;, respectively represent the simulated value and
statistical value of VPSA in the ith national nature reserve.

The error analysis results show that the overall simulation error of VPSA is 2.21 types per
km? in the 37 national nature reserves of the Qinghai-Tibet Plateau. The simulation result
has a good accordance with the actual VPSA distribution on the Qinghai-Tibet Plateau,
which indicates the developed model of VPSA can be used to simulate the spatial distribu-
tion of VPSA on a regional scale.

3.2 Spatial distribution of vascular plants species abundance

According to the spatial distribution
of VPSA on the Qinghai-Tibet Pla-
teau (Figure 2), the number of aver-
age VPSA is 496.79 species per 100
km®. The VPSA distribution gradu-
ally decreased from the southeast
towards the northwest. The VPSA of
the central-western Qinghai-Tibet
Plateau and Qaidam Basin is less
than other areas, and the average
species abundance of vascular plants = 300-400
is less than 200 species per 100 km?. ™5 20-40 == 400-500

=3 40-60  =m 500-600

The high VPSA is mainly distributed 60-80 == 600-800
. . . =3 80-100 m=m 800-1000
in the mountain areas of Min- =3 100-150 == 1000-1500

. . . 1 150-200 == 1500-2000
shan-Qionglai-Daxue,  Gaoligong- = 200-250 == >2000 0 300 km

shan-Nushan-Yulong, and the transi- = 250-300

tional zone between the western Figure 2 Spatial distribution of VPSA in Qinghai-Tibet Plateau
Qinling and Qilian mountains, where n 2010

the VPSA number is more than 600 species per 100 km®. Especially in the rivers of Bailong,
Dadu, Jinsha, Lancang, Nujiang and Brahmaputra, the VPSA number is up to 1000 species
per 100 km?, and even more than 2000 species per 100 km? in certain local area.

3.3 Scenario analysis of vascular plant species abundance

The simulation results of VPSA scenarios (Table 2 and Figures 3-5) show that the VPSA
would decrease under three climate change scenarios of the Qinghai-Tibet Plateau from TO
to T4.

Under RCP2.6 scenario, the VPSA would show a decreasing trend, but the change ratio
would respectively decrease by 0.11%, 0.03% and 0.04% during the three periods from TO
to T1, T1 to T2 and T2 to T3. Under RCP4.5 scenario, the VPSA would increase by 0.05%
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from TO to T1, while it would respectively decrease by 0.29% and 0.21% during the two
periods from T1 to T2 and from T2 to T3. Under RCP8.5 scenario, the VPSA would increase
by 0.10% from TO to T1, while it would respectively decrease by 0.39% and 0.84% during
the two periods from T1 to T2 and from T2 to T3. Under the three scenarios, the change of
VPSA would have the maximum change amplitude under RCP8.5 scenario, and then under
RCP4.5 scenario, while it is the minimum change amplitude under RCP2.6 scenario of the

Qinghai-Tibet Plateau.

Table 2 Changes of VPSA under three scenarios on the Qinghai-Tibet Plateau

Scenarios TO A(T1-TO) Tl A(T1-TO) T2 A(T1-TO) T3
RCP2.6 496.79 -0.53 496.26 -0.17 496.09 —0.04 496.05
RCP4.5 496.79 0.27 497.06 ~1.42 495.64 ~1.05 494.59
RCP8.5 496.79 0.52 49731 -1.95 49536 -4.15 491.21
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Figure 3 Spatial distribution of VPSA under RCP2.6 scenario on the Qinghai-Tibet Plateau
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Figure 4 Spatial distribution of VPSA under RCP4.5 scenario on the Qinghai-Tibet Plateau

4 Discussion and conclusions

The existing investigations about VPSA are mainly focused on statistical analysis in a certain
local area or administrative unit in terms of field observation and sample data, but rarely
involve the spatial simulation of VPSA on a middle or large scale, and especially on the
scenarios simulation of the spatial distribution of VPSA. Moreover, while the correlation
between VPSA and habitat factors is computed, the traditional statistical models of VPSA is
limited to consider a single driving factor, such as species-area curve method only considers
the correlation between species richness and land cover area. For explaining how the multi-
ple habitat factors affect the VPSA distribution, a few integrated models had been developed
by combining the climatic change and land cover change, but without taking into account
the reaction effect between the ecological landscape complexity and VPSA. In view of the
limitations of the existing models, the influencing factors are classified into three types that
include land cover factor, environmental factor and landscape index factor, and then a new
integrated model has been developed for simulating the spatial distribution of VPSA in
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Figure 5 Spatial distribution of VPSA under RCP8.5 scenario in Qinghai-Tibet Plateau

terms of the vascular plant data covering 37 national nature reserves on the Qinghai-Tibet
Plateau. In this paper, the linear regression function and non-linear regression (logarithmic,
exponential) functions are combined to develop the spatial simulation method of VPSA of
the Qinghai-Tibet Plateau.

The comparative analysis results between the simulation value of VPSA in 2010 and the
biodiversity survey data (Xu et al., 2013) show that the simulated distribution pattern has a
good consistent with the actual distribution of VPSA, which indicates that the spatial simu-
lation method of VPSA can be used to simulate the spatial distribution change of VPSA on
the Qinghai-Tibet Plateau. The spatial simulation method of VPSA, as an integrated model,
can overcome the limitation of existing models which cannot simulate the spatial distribu-
tion of VPSA on a middle or large scale. In the process of model development, not only the
land cover type and environmental factors are taken into account, but also the landscape in-
dex is considered. Furthermore, the spatial simulation method of VPSA can be used to pre-
dict the VPSA change under different climatic change scenarios. The simulation results can
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provide support for estimating the influences of climate change on ecosystem services and
biodiversity change.

However, due to lack enough basic data of VPSA, the spatial simulation method of VPSA
only consider the data of the published 37 national nature reserves located on the Qing-
hai-Tibet Plateau. It is required to combine more field sample data of VPSA and
high-resolution remote sensing data for improving the simulation accuracy, which is the fo-
cal point of our next research works on the spatial simulation method of VPSA.
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