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Abstract

:

A risk assessment of vegetation zone responses to climate change was conducted using the classical Holdridge life zone model on the Loess Plateau of Northwest China. The results show that there are currently ten vegetation zones occurring on the Loess Plateau (1950–2000), including alvar desert, alpine wet tundra, alpine rain tundra, boreal moist forest, boreal wet forest, cool temperate desert, cool temperate desert scrub, cool temperate steppe, cool temperate moist forest, warm temperate desert scrub, warm temperate thorn steppe, and warm temperate dry forest. Seventy years later (2070S), the alvar desert, the alpine wet tundra and the cool temperate desert will disappear, while warm temperate desert scrub and warm temperate thorn steppe will emerge. The area proportion of warm temperate dry forest will expand from 12.2% to 22.8%–37.2%, while that of cool temperate moist forest will decrease from 18.5% to 6.9%–9.5%. The area proportion of cool temperate steppe will decrease from 51.8% to 34.5%–51.6%. Our results suggest that future climate change will be conducive to the growth and expansion of forest zones on the Loess Plateau, which can provide valuable reference information for regional vegetation restoration planning and adaptive strategies in this region.
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1. Introduction


Warming of the climate system is unequivocal. The atmosphere and ocean have warmed, the amounts of snow and ice have diminished, sea level has risen, and the concentrations of greenhouse gases have increased [1]. Anthropogenic climate changes have impacted natural and human systems on all continents [2]. Many terrestrial ecosystems and species have shifted their geographic ranges, seasonal activities, migration patterns, abundances, and species interactions in response to ongoing climate change [3,4,5,6] and have already gone extinct due to their slower rates of migration than anthropogenic climate change over the past few hundred years [7,8,9]. Accurate assessment of the possible effects of climate change and its irreversible and catastrophic impacts are increasingly viewed as a major challenge for human beings [10].



Understanding future climate change depends on global climate models (GCMs, also known as General Circulation Models). The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) had used a new set of concentration-driven experiments from the framework of the Coupled Model Intercomparison Project Phase 5 (CMIP5) based on four representative concentration pathways [RCP2.6, RCP4.5, PCP6.0, and RCP8.5, named according to the intensity of the radiative forcing (W/m2) in the year of 2100] to simulate future climate change. These experiments showed that global mean surface temperatures will likely (66%–100%) increase by 0.3 °C to 1.7 °C (RCP2.6), 1.1 °C to 2.6 °C (RCP4.5), 1.4 °C to 3.1 °C (RCP6.0) and 2.6 °C to 4.8 °C (RCP8.5) for 2081–2100 relative to 1986–2005 [1]. These climate change scenarios provide a new opportunity to assess the possible response of vegetation, ecosystems, and species to climate change.



Many climate-vegetation models have been used to simulate the effects of climate change on vegetation patterns. Climate-vegetation models are classified into static and dynamic models [11]. Dynamic models require more data or physiological parameters than static models and are not easy to obtain and execute. Furthermore, many of the mechanisms of vegetation/ecosystem dynamics are still not clear [12,13]. Consequently, the static models are still widely used in different studies. Among these static models, the Holdridge life zone (HLZ) model emerged as a model for tropical dry-wet areas and then was spread worldwide including arid zones. The use of the HLZ model has not been exactly and precisely conceived to identify life zone for the most arid zones, although it is widely used in arid zones for various objectives due to its simple and accessible climatic parameters: annual biotemperature, annual precipitation, and potential evapotranspiration ratio [14,15,16,17]. The HLZ model has been used extensively in ecological research involving the carbon sequestration, climate change, and ecomapping [12,14,17,18]. This model has also been successfully used in China [12,19,20,21,22].



The Loess Plateau in China is dominated by the monsoon climate and has a total area of about 6.5 × 105 km2 (6.76% of the area of China). The complicated landscape, frequent droughts, severe soil erosion and sustained deterioration of the ecosystem have attracted worldwide attention to this region [23,24,25,26]. Many ecological engineering projects have been implemented such as the Three-North Shelterbelt Project, the Grain for Green Project, and a soil-retaining dam project [27]. Previous studies have focused on the restoration of vegetation diversity, nutrient cycling, carbon sequestration, hydrological effects, and afforestation technology, and other topics [28,29,30]; however, the potential impacts of climate change on the distribution pattern of vegetation have not yet been studied in detail.



Here, we conducted a risk assessment of the vegetation zone responses to climate change on the Loess Plateau by using the classical HLZ model under current and future climate scenarios. This study mainly focuses on the following two objectives: (1) How many vegetation zones exist on the Loess Plateau in the concept framework of HLZ model? (2) How the structure of vegetation zones responses to future climate change in the aspects of boundaries, areas, and their centroids shift at zonal, meridional, and vertical directions. This study is especially important for improving our understanding of the effect of climate change on vegetation zones and for planning the adaptation strategies of future ecological engineering projects on the Loess Plateau of China.




2. Materials and Methods


2.1. Study Region


The Loess Plateau (33°43′–41°16′ N, 100°54′–114°33′ E) is a highland region in Northwest China, with an average elevation of about 1200 m. It has the thickest known loess deposits in the world. The climate of Loess Plateau is strongly influenced by a typical continental monsoon climate. Winters are cold and dry, and most rainfall occurs during the summer (June to September) [31]. Annual mean temperature is 7.6 °C, while annual precipitation is approximately 441 mm. According to the gradient of precipitation, the potential vegetation on Loess Plateau can be divided into five zones: forests, forest steppe, steppe, desert steppe, and desert. These vegetation zones change from forest to desert with a declining precipitation gradient from the southeast to the northwest of the plateau [26,32]. The location of the Loess Plateau with its Google Earth image and its potential vegetation zones are provided in Figure 1.
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Figure 1. Location of Loess Plateau in Northwest China with its Google Earth image and its potential vegetation zones: forest, forest steppe, steppe, desert steppe, and desert zones [26,32]. 
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2.2. Holdridge Life Zone Model


The HLZ model is a classic climate-vegetation model designed by L.R. Holdridge [33]. It divides world territorial ecosystems into 39 vegetation zones (life zones, Figure 2). The 39 vegetation zones are mapped in a triangular coordinate system with three logarithmic axes (climatic variables), represented by a series of hexagonal forms. The triangular coordinate system includes three key climatic variables: annual biotemperature (ABT), annual precipitation (AP), and potential evapotranspiration ratio (PER). In this study, ABT, AP, and PER are estimated with the following Equations (1)–(3):


   A B T =  1  12     ∑  i = 1   12     T i      



(1)






   A P =   ∑  i = 1   12     P i      



(2)






   P E R = 58.93 × A B T / A P   



(3)




where Ti is monthly mean temperature with values above 30 °C or below 0 °C substituted by 0 °C; Pi is monthly precipitation.
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Figure 2. The concept framework of Holdridge Life Zone model, which divides world territorial ecosystems into 39 vegetation zones (life zones) [33]. 
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2.3. Current Climate Layers and Future Climate Scenarios


The current climatic layers (average monthly mean temperature and average monthly mean precipitation) and future climatic layers (minimum monthly temperature, maximum monthly temperature, and average monthly precipitation) with spatial resolution 2.5 arc-min (grid cell is about 4305 m × 3360 m) with coordinate system of GCS_WGS_1984 were obtained from the WorldClim database [34]. We resampled all climatic layers to 4000 m × 4000 m resolution with coordinate system of Clarke_1866_Albers for convenient and accuracy of simulation process.



The current climate layers (1950–2000) in WorldClim database were mainly produced by using major climate databases compiled by the Global Historical Climatology Network (GHCN), World and Meteorological Organization (WMO), Food and Agriculture Organization of the United Nations (FAO), the International Centre for Tropical Agriculture (CIAT), Regional, Electronic Hydrometeorological Data Network (R-HydroNET), and a number of additional minor databases [13].



The future climate layers in WorldClim database are produced by many GCMs based on four representative concentration pathways (RCPs): RCP2.6, RCP4.5, RCP6.0, and RCP8.5. There is no supremacy between different GCMs, but attempts should be made to justify the use of a particular GCMs. Xu and Xu [35] have evaluated the simulation performance of 18 GCMs from CMIP5 based on geographic distribution of temperature and precipitation during 1961–2005. They believed that most GCMs underestimate the actual temperature and overestimate precipitation. Ensemble of the 18 GCMs to smooth temperature shows a good performance with temporal correlation coefficient up to 0.82. For precipitation, the multi-ensembles seem to show more precipitation than observation (overestimation of about 35%). Unfortunately, the article of Xu and Xu [35] did not give the selection of optimal model for China and also did not separate the evaluation of Loess Plateau region. Digging the past climate data (1956–2000) by Yao et al. [36] has shown that climate change tends to be warmer and dryer on Loess Plateau. Therefore, the previous works by Xu and Xu [35] and Yao et al. [36] had shown us the way of selecting suitable GCMs on Loess Plateau: the simulation of temperature should be an approximation to the value of multi-models’ ensemble, while the simulation of precipitation should be as low as possible.



This study chose a period from 2061 to 2080 (represented by 2070s) as the research object, during which the CO2 concentration will increase from 390.5 ppm (2011) to 437.5 ppm in RCP2.6, to 524.3 ppm in RCP4.5, to 549.8 ppm in RCP6.0, and to 677.1 ppm in RCP 8.5 scenarios by the year 2070 [1]. Seven GCMs were selected as candidate models from seven modeler centers of six countries (China, USA, UK, France, Japan, and Norway), and their simulation performances on Loess Plateau were summarized in Table 1. According to the established standards for selection, it seems that BCC_CSM1.1 performs best on Loess Plateau. BCC_CSM1.1 completely couples the atmospheric model BCC_AGCM2.1, the land surface model BCC_AVIM1.0, the global ocean circulation model MOM4_L40, and the global dynamic/thermodynamic sea ice model SIS using a flux coupler. Detailed descriptions of these models are provided by Xu et al. [34] and Xin et al. [37,38]. The future climate conditions (2070s) shows that mean temperature will increase from 2 °C to 4.1 °C and annual precipitation will increase from 8 mm to 34 mm relative to 1950–2000 (7.6 °C and 441 mm) on Loess Plateau under four RCP scenarios predicted by BCC_CSM1.1.
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Table 1. Summary of future climate change scenarios (2070s) from seven global climate models (GCMs) on Loess Plateau.







Table 1. Summary of future climate change scenarios (2070s) from seven global climate models (GCMs) on Loess Plateau.







	
GCMs

	
Simulation of Temperature (°C)

	
Simulation of Precipitation (mm)




	
RCP2.6

	
RCP4.5

	
RCP6.0

	
RCP8.5

	
RCP2.6

	
RCP4.5

	
RCP6.0

	
RCP8.5






	
BCC-CSM1-1 a

	
9.6

	
10.2

	
10.5

	
11.7

	
449

	
467

	
454

	
475




	
CCSM4 b

	
9.2

	
10.1

	
10.3

	
11.5

	
444

	
467

	
460

	
491




	
GISS-E2-R c

	
9.0

	
9.9

	
10.1

	
10.9

	
455

	
485

	
463

	
498




	
HadGEM2-AO d

	
9.9

	
11.0

	
10.8

	
12.5

	
475

	
550

	
466

	
524




	
IPSL-CM5A-LR e

	
10.0

	
11.1

	
11.1

	
13.0

	
489

	
485

	
456

	
490




	
MIROC-ESM-CHEM f

	
10.0

	
11.4

	
11.1

	
13.1

	
499

	
480

	
484

	
492




	
NorESM1-M g

	
9.9

	
10.6

	
10.6

	
11.8

	
481

	
480

	
459

	
472




	
Model Ensemble h

	
9.7

	
10.6

	
10.6

	
12.1

	
470

	
488

	
463

	
492








a: Beijing Climate Center Climate System Model version 1, BBC, China; b: The Community Climate System Model version 4, The National Center for Atmospheric Research (NCAR), USA; c: Goddard Institute for Space Studies Model E version 2 with Russell ocean model, GISS, USA; d: Hadley Centre Global Environment Model version 2, Met Office Hadley Centre, UK; e: Institut Pierre Simon Laplace Climate Model 5A-Low Resolution, IPSL, France; f: Atmospheric Chemistry Coupled Version of Model for Interdisciplinary Research on Climate-Earth System, AMSTEC, AORI, NIES, Japan; g: The Norwegian Earth System Model version 1 with Intermediate Resolution, Norwegian Climate Centre, Norway; h: Simple arithmetic mean.








2.4. Simulation Process and Statistical Analysis


Firstly, we obtained the center points of each hexagon (life zone) in the HLZ model, which were transformed into their natural logarithm (log2ABTi, log2PETi and log2APi). We natural logarithm transformed each grid cell for both current and future climate layers, which were represented by log2ABTj, log2PETj, and log2APj. We calculate the distance of all grid cells to each center point using the following expression:


    d j  ( l o n g ,   l a t ) =     ( L o  g 2  A B  T j  − L o  g 2  A B  T i  )  2  +   ( L o  g 2  A B  T j  − L o  g 2  A B  T i  )  2  +   ( L o  g 2  A B  T j  − L o  g 2  A B  T i  )  2      



(4)




where, dj(long, lat) represents the distance of a grid to the hexagon center (life zone) under j climate conditions (including current and four future scenarios). If, dij = min(dj(long, lat)), then the site (long, lat) is classified into the i vegetation zone (valued from 1 to 39) under j climate conditions (valued from 1 to 5).



Secondly, we ran the HLZ model and obtained five vegetation maps including one map for current climate conditions and four maps for RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios. We used the Pearson correlation coefficient to measure their similarity. The larger the Pearson coefficient was, the more similarity between vegetation conditions was under the climate change and the current climate. We also used non-metric multidimensional scaling (NMDS) to analyze vegetation structure changes. NMDS seeks an ordination in which the distances between all pairs of the five vegetation maps, as far as possible, are in rank-order agreement with their dissimilarity (measured by Bray-Curtis) in vegetation composition [39,40]. The further each is from the other, the more different is their vegetation composition.



Finally, we analyzed the change area of the vegetation zone (represented by grid cells, each grid cell is 4000 m × 4000 m, 16 km2) by ArcGIS9.3. We also analyzed the zonal, meridional and vertical shift of dominant vegetation zones by investigating the movement of their centroids of distribution areas and elevation ranges. The centroids of distribution area for each domain vegetation zone were calculated as the following Equations (5) and (6):


       l o n g  ¯   i  =     ∑  j = 1    N i     l o n  g  i j        N i      



(5)






       l a t  ¯   i  =     ∑  j = 1    N i     l a  t  i j        N i      



(6)




where longi and lati are the longitude and latitude coordinates of the center of the grid cell of i vegetation zone; longij and latij are the longitude and latitude coordinates of the j cell in i vegetation zone; Ni is the number of grid cells in i vegetation zone.





3. Results


3.1. Spatial Distribution Patterns of Vegetation Zones


Twelve vegetation zones (life zones) will be observed under both current climate condition and future climate change scenarios on Loess Plateau from the concept framework of Holdridge Life Zone model system (Figure 3). They were alvar desert, alpine wet tundra, alpine rain tundra, boreal moist forest, boreal wet forest, cool temperate desert, cool temperate desert scrub, cool temperate steppe, cool temperate moist forest, warm temperate desert scrub, warm temperate thorn steppe, and warm temperate dry forest. Under current climate conditions, there were 10 vegetation zones occurring on Loess Plateau: alvar desert, alpine wet tundra, alpine rain tundra, boreal moist forest, boreal wet forest, cool temperate desert, cool temperate desert scrub, cool temperate steppe, cool temperate moist forest, and warm temperate dry forest (Figure 3). Under future climate scenarios, two new vegetation zones will emerge on Loess Plateau (warm temperate desert scrub and warm temperate thorn steppe) and desert zones will disappear.



Spatial distributions of vegetation zones on Loess Plateau under current and future climate condition were mapped in Figure 4. The NMDS ordination found that vegetation zones under the current climate (Figure 4A) and low emission scenarios (e.g., RCP2.6, Figure 4B) are characterized by alpine wet tundra, alpine rain tundra, and boreal moist forest. Meanwhile, vegetation zones under high emission scenarios (e.g., RCP8.5, Figure 4E) are characterized by warm temperate desert scrub and warm temperate thorn steppe, which is a new vegetation zone on Loess Plateau. Pearson correlation coefficients between maps of current and future distribution are 0.72 for RCP2.6, 0.61 for RCP4.5, 0.58 for RCP6.0, and 0.47 for RCP8.5. This indicates that the vegetation zone distribution pattern changes little under the lower emission scenarios (e.g., RCP2.6), while the vegetation zone distribution pattern changes more under higher emission scenarios (e.g., RCP8.5). The NMSD ordination also supports the conclusion that the distance between RCP8.5 and the current position is farther than the distance between PCP2.6 and the current position (Figure 4).
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Figure 3. Twelve vegetation zones (life zones) under both current climate conditions and future climate change scenarios on Loess Plateau in the Holdridge Life Zone model system. Except for warm temperate desert scrub and warm temperate thorn steppe zones, all other zones occurred under the current climate situation. The alvar desert zone will disappear under future climate scenarios. 






Figure 3. Twelve vegetation zones (life zones) under both current climate conditions and future climate change scenarios on Loess Plateau in the Holdridge Life Zone model system. Except for warm temperate desert scrub and warm temperate thorn steppe zones, all other zones occurred under the current climate situation. The alvar desert zone will disappear under future climate scenarios.
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Figure 4. NMSD ordinations of vegetation structure under current and future climate scenarios on Loess Plateau and Pearson coefficients between current and future vegetation map (shown in the left-corner of each submap). (A) current climate; (B) RCP2.6; (C) RCP4.5; (D) RCP6.0; (E) RCP8.5. Alvar desert (AD), alpine wet tundra (AWT), alpine rain tundra (ART), boreal moist forest (BMF), boreal wet forest (BWF), cool temperate desert (CTD), cool temperate desert scrub (CTDS), cool temperate steppe (CTS), cool temperate moist forest (CTMF), warm temperate desert scrub (WTDS), warm temperate thorn steppe (WTTS), and warm temperate dry forest (WTDF). 
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3.2. Change Distribution Area of Vegetation Zones


We calculated the area of each vegetation zone under current and future climate conditions using ArcGIS9.3 (Table 2). The alvar desert disappears under each RCP scenario, while the alpine wet tundra and the cool temperate desert disappears under future higher emission scenarios (e.g., RCP6.0, RCP8.5). Two new vegetation zones (warm temperate desert scrub and warm temperate thorn steppe) will emerge under each RCP scenario. Warm temperate dry forest will expand its area proportion from 12.2% to 22.8%–37.2%, while cool temperate moist forest will decrease its area proportion from 18.5% to 6.9%–9.5%. The area proportion of cool temperate steppe will decrease from 51.8% to 34.5%–51.6%. These changes are significant under high emission scenarios.
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Table 2. The area proportion (%) of vegetation zones under the current climate (1950–2000) and future climate change scenarios (2070s). Area proportion was calculated from each corresponding map from grid cells with 4000 m × 4000 m resolutions. Vegetation zones with grid cells of less than 20 were combined with nearby vegetation zones. The unit of area is 103 km2.







Table 2. The area proportion (%) of vegetation zones under the current climate (1950–2000) and future climate change scenarios (2070s). Area proportion was calculated from each corresponding map from grid cells with 4000 m × 4000 m resolutions. Vegetation zones with grid cells of less than 20 were combined with nearby vegetation zones. The unit of area is 103 km2.







	
Vegetation Zone

	
Current Climate

Area

(Percent)

	
Future Climate Scenarios (2070s)




	
RCP2.6

Area

(Percent)

	
RCP4.5

Area

(Percent)

	
RCP6

Area

(Percent)

	
RCP8.5

Area

(Percent)






	
Alvar desert

	
1 (0.2)

	
-

	
-

	
-

	
-




	
Alpine wet tundra

	
4 (0.7)

	
1 (0.2)

	
1 (0.2)

	
-

	
-




	
Alpine rain tundra

	
2 (0.3)

	
1 (0.2)

	
1 (0.2)

	
1 (0.2)

	
-




	
Boreal moist forest

	
18 (3.0)

	
8 (1.3)

	
7 (1.1)

	
4 (0.7)

	
1 (0.2)




	
Boreal wet forest

	
8(1.3)

	
9 (1.5)

	
7 (1.1)

	
8 (1.3)

	
6 (1.0)




	
Cool temperate desert

	
5(0.8)

	
2 (0.3)

	
-

	
-

	
-




	
Cool temperate desert scrub

	
68(11.2)

	
63 (10.3)

	
51 (8.4)

	
48 (7.9)

	
22 (3.6)




	
Cool temperate steppe

	
317(51.8)

	
314 (51.6)

	
274 (44.9)

	
279 (46.0)

	
210 (34.5)




	
Cool temperate moist forest

	
114 (18.5)

	
58 (9.5)

	
56 (9.2)

	
49 (8.0)

	
42 (6. 9)




	
Warm temperate desert scrub

	
-

	
6 (1.0)

	
8 (1.3)

	
8 (1.3)

	
17 (2.8)




	
Warm temperate thorn steppe

	
-

	
8 (1.3)

	
24 (3.9)

	
39 (6.4)

	
84 (13.8)




	
Warm temperate dry forest

	
74 (12.2)

	
139 (22.8)

	
181 (29.7)

	
172 (28.2)

	
227 (37.2)










3.3. Zonal, Meridional and Vertical Shift of Domain Vegetation Zones


The four dominant vegetation zones on Loess Plateau are warm temperate dry forest, cool temperate moist forest, cool temperate steppe, and cool temperate desert scrub, which account for 93.7% of the area of Loess Plateau (Table 2). The zonal, meridional and vertical shift of these dominant vegetation zones were illustrated in Figure 5. The results show that forest zones have a significant zonal and meridional transition, while scrub and steppe zones have less zonal and meridional transition and their centroids hardly shift. Cool temperate moist forests will transition westward 100 km (about 1.13° E) under RCP2.6 to 220 km (about 2.5° E) under the RCP8.5 scenario. Warm temperate dry forests will transition northward from 44 km (about 0.4° N) under RCP2.6 to 102 km (about 0.9° N) under RCP8.5. The vertical shift of domain vegetation zones to climate change shows similar patterns as their zonal and meridional movement behaviors (Figure 5). Cool temperate moist forests will shift upward from 1498 m (current climate condition) to 1873 m and 2216 m under RCP2.6 and RCP8.5 scenarios separately. Warm temperate dry forests will shift upward from 603 m (current climate condition) to 934 m and 1072 m under RCP2.6 and RCP8.5 scenarios separately. The vertical shift of cool temperate desert scrub is quite small under lower emission scenarios (−10 to 5 m) except RCP8.5 scenario (86 m), while the vertical shift of cool temperate steppe is significantly under higher emission scenarios (66 to 136 m) except RCP2.6 (37 m).
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Figure 5. The zonal, meridional and vertical shift of four dominant vegetation zones on Loess Plateau. Cool temperate steppe (CTS), cool temperate desert scrub (CTDS), cool temperate moist forest (CTMF), and warm temperate dry forest (WTDF). 
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4. Discussion


4.1. Vegetation Zone Response to Climate Change and Its Explanation


A number of studies have been carried out to investigate the potential impacts of climate change on the distribution of terrestrial vegetation at regional scales [4,5,6]. In this study, a simulation experiment shows that vegetation zone responses to climate change are significantly different under four emission scenarios (RCP2.6, RCP4.5, RCP6.0, RCP8.5, Figure 4) from the latest IPCC fifth assessment based on a GCM. Vegetation zone distribution patterns changed little under RCP2.6, while vegetation zone distribution patterns changed much more significantly under RCP8.5. Both the Pearson correlation coefficient method and the NMDS ordination method demonstrate that the structure and composition of vegetation zones under different climate change scenarios changed substantially. It has been demonstrated that the alvar desert, alpine wet tundra, and cool temperate desert will likely disappear under every RCP scenario. In addition, two new vegetation zones (warm temperate desert scrub and warm temperate thorn steppe) will appear under every RCP scenario.



The IPCC fifth assessment report shows that the Eastern Asian Monsoon will increase [1], and the enhanced monsoon climate will bring large amounts of rain [41,42,43,44]. Loess Plateau is located in the northwestern extent of the Asian monsoon where water availability limits the northern marginal distribution of forest [26]. Therefore, the forests should extend their distribution areas in the southeast and northwest due to the enhanced Asian monsoon [45]. We found two migration strategies of forest zones with climate change in the Loess Plateau region. The centroid of warm temperate forest will shift northward about 44–102 km and shift upward 331–369 m. The centroid of cold temperate forest will move toward the west about 100–220 km and shift upward 375–718 m under four scenarios. Although the centroid of cold temperate forest will shift westward, the overall distribution area of cold temperate forest will decrease from 18.5% to 6.9%–9.5% as the forest is replaced by warm temperate forest. The area of warm temperate forest will increase from 12.2% to 22.8%–37.2%, which increases the total forest zone area. Warm temperate forests may be limited by thermal factors at the northern marginal boundary of Loess Plateau, so future climate warming will cause northward expansion of the distribution of warm temperate forests. This indicates that future climate changes will be beneficial for the growth and expansion of the warm temperate forest, which was also demonstrated by Fang’s research [46].



In comparison with the forest zones, the range shift of steppe and desert scrubland zones in the zonal, meridional, and vertical directions were simulated less sensitively under future climate change scenarios (Figure 5). This may be related to the flat terrain in the region of steppe and desert scrubland zones. Furthermore, evapotranspiration will increase as a result of climate warming in the region, which decreases the effects of enhanced precipitation [47,48,49]. However, the distribution area of grassland and scrubland zones will decrease from 51.8% to 34.5%–51.6% and from 11.2% to 3.6%–10.3%, respectively. This is because the southern distribution area of grassland and scrubland will be replaced by cold temperate forest and warm temperate forest. Desert areas will probably disappear and be replaced by grasslands and shrub zones under future climate change scenarios.



Comparable studies of vegetation zones migration in other regions have been done. Niu and Lv [22] set two climate change scenarios (T + 2 °C P+20%; and T + 4 °C, P + 20%) to study the vegetation zones in Inner Mongolia. Their results indicate that warm steppe and warm forest zones will increase, while cool temperate steppes and desert steppes will decrease. Xu et al. [50] set five scenarios (T + 2.5 °C, P + 10%; T + 2.5 °C, P + 20%; T + 4 °C, P + 10%; T + 4 °C, P + 0%; and T + 4 °C, P – 10%) to study the vegetation zones in the Sichuan Basin. The results reveal that forests will increase, while alpine meadows and tundra zones will decrease. These conclusions concur with our research that forest areas will increase and steppe areas will decrease (T + 2 – 4.1 °C; P + 2 – 8%). Wu et al. [21] studied the vegetation zones in Northeast China and their climate change scenario was based on doubled CO2 levels predicted by GISS (T + 3.7~4.0 °C; P + 9 – 10%). Their results differ from this research and imply that forest areas will decrease, while steppe areas will increase. Actually, Northeast China is located in a high latitude region, which is farther north than Loess Plateau. Global warming will be more severe in the northern region with high latitudes [1] and will result in increases of potential evapotranspiration, which will decrease the amount of water available for forest vegetation [51,52,53].




4.2. Potentials and Limitations of HLZ Model and Its Applications


The HLZ model is the first method for simulating vegetation zones by combining the concepts of life forms [54] and life zones [33]. Since then, various climate-vegetation models have been also used, such as Box, DOLY (Dynamic Global Phytogeography Model), MAPPSS (Mapped Atmosphere Plant Soil System), BIOME2 (A Coupled Carbon and Water Flux Model), BIOME3 (A Coupled Biogeography and Biogeochemistry Model), and IBIS (the Integrated Biosphere Simulator) models [55]. This research used the HLZ model to predict the effects of climate change on vegetation zones (life zones). Some studies have shown that there is a slight difference between the HLZ model and some mechanism models [56]. However, researchers must be aware that the parameters required for mechanism models are more complex. The missing data in the Loess Plateau area was difficult to acquire. Since the HLZ model needs only three parameters, its advantage is obvious [12,13,57].



In addition to the algorithm, most climate-vegetation models do not consider the destruction of vegetation that human activities in the future may cause. Human activities may change the response of vegetation to climate change through the transformation of land use types. For example, restoration of forest can be realized in habitat frangibility areas by the change of regional water cycles and construction of irrigation systems [58,59,60]. Expansion of agricultural, industrial, and urban areas will never stop since large numbers of the population need to be fed and their living standard will be advanced in the future on our planet [61,62,63,64]. Although the bioclimatic indices used for classification may sufficiently simulate vegetation patterns, the actual patterns can be described by a function of additional factors, which are not explicitly considered in the model (e.g., soils), and may vary both temporally and spatially under changed climate conditions. Some say that the HLZ model simulates ecosystem potential functions other than actual ecosystem structure [13,17,65]. We also agree with this point of view.



Therefore, the HLZ model can link the biodiversity conservation of land planning, regional carbon reserves estimation, and vegetation mapping [14,16,17,66]. Since natural and anthropogenic results in the degradation of vegetation on Loess Plateau, this region has gained a lot of attention regarding vegetation restoration and construction. A number of ecological restoration projects have been implemented [27]. The geographical distribution boundaries and areas of vegetation zones under current climate and future climate conditions obtained by this study can provide important reference information for policy makers in planning regional vegetation restoration.





5. Conclusions


The HLZ model has been used widely in analyzing the effects of climate change on vegetation distribution patterns. In this study, a risk assessment of vegetation zones to climate change was performed on the basis of four climate change scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) projected by the Beijing Climate Center Climate System Model (BCC_CSM1.1) for the 2070s. The change in characteristics of vegetation structure, the area percentage of each vegetation zone, and the distribution centroid of the dominant vegetation zone were investigated. The research shows that the overall range of vegetation zones shifts northwestward and upward, but there are differences for different vegetation zones. Areas of forest zones will increase, areas of steppe zones will decrease, areas of deserts will disappear, and warm temperate desert scrub and thorn steppe will appear. Our simulation results demonstrate that future climate change will be conducive to the growth and expansion of warm temperate dry forest zone on Loess Plateau, which causes positive effects on reforestation projects in this region.
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