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Abstract

The upper reaches of the Minjiang River (URMR), located on the eastern edge of the

Tibetan Plateau in southwestern China, are an important component of the ecological bar-

rier of the Upper Yangtze River Basin. Climate change and human activities have increased

the ecological sensitivity and vulnerability of the region, which may pose a threat to the eco-

logical security of the Yangtze River Basin and have negative impacts on local social and

economic development. In this study, we analyzed land use and cover change (LUCC) of

the URMR between 2000 and 2010, and found that the total rate of LUCC was less than

0.50% during this period. In addition, net primary production (NPP) was employed to de-

scribe the changes in ecosystem sensitivity and vulnerability, and the results demonstrated

that slightly and moderately sensitive and vulnerable zones occupied the largest area, dis-

tributed mainly in forest, shrub, and grassland ecosystems. However, compared with the

period from 2000 to 2005, the ecological sensitivity and vulnerability showed a worsening

trend in the period 2005–2010. Exploring the relationship between vulnerability/sensitivity

and environmental factors, we found that sensitivity and vulnerability were positively corre-

lated with precipitation (>700 mm) and aridity index (>36 mm/˚C). The results highlight that

the future ecological sensitivity and vulnerability of URMR should be further investigated,

and that the LUCC induced by human activities and climate change have caused alteration

of in ecosystem vulnerability.

1. Introduction

Climate variability is a natural process [1] and periods of heating and cooling over the history

of Earth have been determined [2, 3]; however, compared with the past millennium, a different

type of change was observed in the 20th and 21st centuries [4, 5]. The average global tempera-

ture increased by 0.065˚C per decade, with a total change of 0.85˚C from 1880 to 2012 [6].

Climate warming has affected ecosystems in different ways [7], particularly in areas with vul-

nerable ecosystems, such as the Tibetan Plateau. Meanwhile, intensified human activities and

the unsustainable use of natural resources have led to greater ecosystem degradation [8]. To
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understand how to introduce an appropriate balance between socio-economic and environ-

mental systems, it is important to assess their vulnerability [9].

A widely applied concept in social science with decades of history [10], vulnerability is now

increasingly used in ecological studies [11]. Vulnerability is useful indicator for description of

relationships between physical, biological, social, and economic systems, as well as policy

impacts, and can assist decision-makers in attempts to enhance prosperity by reducing risks or

hazards [12]. Despite its cross-disciplinary employment, vulnerability, in its most fundamental

sense, is described as the propensity or predisposition of a system, subsystem, or system compo-

nent to be adversely affected, and comprises sensitivity, or susceptibility to harm, and lack of

capacity to cope and adapt in the face of environmental change [13]. In the context of climate

change, assessment of ecological vulnerability to continuous human disturbance has attracted a

great deal of attention worldwide [14–16]. To develop adaptive activities and build resilience, it

is crucial to understand ecological vulnerability from spatial and temporal perspectives [17–22].

For vulnerability assessment of ecosystems, critical ecological processes or major service

functions, which are sensitive to external disturbance or vital to the ecosystem, are usually

taken as the receptors of external disturbance, the responses of which are applied to assess eco-

logical vulnerability [23]. Net primary production (NPP, usually expressed as g carbon m−2

yr−1), is highly relevant to ecosystem resilience, waste absorption, and the buffering and regu-

lating abilities of ecosystems, as well as to the services of ecosystems to humans [24]. Ma et al.

[25] proposed that the damage to key supporting processes, such as NPP, can induce huge

impacts on the earth’s environment. Ecosystem dynamics [26], ecosystem sensitivity/vulnera-

bility [27–30], and ecosystem resilience [31, 32] have been explored at local [33,34], regional

[35–37], and global scales [38–40]. Previous studies also focused on assessment indicators

[41,42], and the growing concerns about erosion of ecosystem services has promoted their spa-

tial representation as a powerful tool for application of ecosystem service methods into land

use policies [43]. Ecological vulnerability has been analyzed using a comprehensive index sys-

tem [44]. However, it is difficult to build systems with multiple-indices to evaluate the degree

of fragility of the ecology of large-scale environments. Moreover, the single index system was

established on a background of specific geographical conditions, and was defined by distinct,

regional, and highly-specific characteristics [45]. Net primary productivity (NPP), the most

important index representing the structure and function of an ecosystem, is a key component

of the global carbon cycle [46]. It is an important link between the biosphere and the atmo-

sphere, is influenced by water fluxes, nutrient cycles, climate variation, and represents the

response of vegetation dynamics to environmental change [47]. Thus, the vulnerability and

sensitivity of the URMR can be evaluated via investigation of NPP dynamics.

As the largest tributary of the Upper Yangtze River [48], Minjiang is situated in the Sichuan

transition zone from basin, hills, and mountains to plateau. The upper reaches of the Minjiang

River (URMR) are an important component of the ecological barrier of the Upper Yangtze

River Basin, a key landscape boundary and an ecologically fragile region of China [49]. Ac-

cording to the National Biodiversity Conservation Strategy and Action Plan [50] and the

Tibetan Plateau Eco-construction and Environmental Protection Plan [51], the URMR is an

important site of biodiversity and an area of convergence of multiple biogeographic divisions

in China [52]. Due to rapid economic development and urbanization, land use has signifi-

cantly changed over recent decades [53, 54], and this may have influenced ecosystems and bio-

diversity, which is known to affect ecosystem productivity [55]. Some researches have reported

landscape change, environmental vulnerability, ecosystem restoration, mammalian diversity,

and potential ecosystem service value [49, 53, 56–58] in URMR. However, ecological vulnera-

bility and its heterogeneity resulting from land-use change on a local scale in the URMR have

rarely been examined.

Ecological vulnerability
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Taking the URMR as the study area, this paper aimed to trace the spatial-temporal dynamics

of ecological vulnerability, based on NPP, in response to LUCC from 2000 to 2010. Moreover,

the biophysical/ecological factors that may influence the vulnerability of the URMR are also dis-

cussed. In particular, we explore the relationships between ecological vulnerability/sensitivity and

precipitation, temperature, and altitude across the URMR. The results have potential to improve

understanding of the responses of the local ecosystem to climatic change and human activity.

Our findings could also be useful to inform local decision-making concerning specific protection

and maintenance interventions aimed at enhancing sustainable land-use management.

2. Materials and methods

2.1. Study area

The Minjiang River is a first tributary of the Yangtze River [58] and a significant area eco-

nomically and ecologically in southwestern China. It has a drainage basin of approximately

13.6×104km2 [59], which accounts for almost 14% of the Upper Yangtze River Basin (Fig 1). It

is the main water resource of Sichuan Province and vital for agricultural and industrial pro-

duction in the region. The Minjiang River Basin is inhabited by many rare species, including

the Chinese dove tree and giant panda.

The URMR (31˚260-33˚160N, 102˚590-104˚140E) is 340km in length, covering an area of

approximately 24779.80 km2, corresponding exactly with the administrative range of five

counties: Songpan, Heishui, Mao, Li, and Wenchuan. The URMR has rich forest resources,

and the main vegetation is evergreen broad-leaved forest, evergreen coniferous forest, mixed

needle leaf, and bushes. Situated on the eastern edge of the Tibetan Plateau (the transition belt

from the Sichuan basin to the Tibetan Plateau) the URMR is a typical mountainous region

with clear ecological vulnerability and sensitivity. The landform of URMR is dominated by

high relief, due to complex mountains and valleys, with elevations from 700 to 6260m and an

average elevation difference of>1000m. The URMR is dominated by forest and grassland eco-

system types, which account for 60.24% and 28.80% of the total area, respectively. The north-

ern region has adequate light, low rainfall, and a lack of heat and moisture. In contrast, the

southern region has abundant rainfall and seasonal distribution of warm winters and cool

summers. There are many nature reserves in the URMR: Wolong, Huanglong, Caopo,

Fig 1. Location of the study area, the URMR.

https://doi.org/10.1371/journal.pone.0181825.g001
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Baiyang, and Miyaluo; however, the majority of the region has undergone serious deforesta-

tion in recent decades, leading to a huge loss of biodiversity [53]. Moreover, the Ms 8.0

Wenchuan earthquake on May 12, 2008 had a profound impact on local ecosystems and

LUCC. In 2014, the total resident population of URMR was 392900 [60], concentrated in the

river-valley area, with an urbanization level of 39.14%.

2.2. Vulnerability calculation method

The vulnerability of the ecosystem was calculated according to sensitivity and adaptability

[61]. The formula is expressed as:

V ¼ S � A ð1Þ

Where V, S, and A represent the vulnerability, sensitivity, and adaptability of the ecosystem,

respectively. The vulnerability depends on changes in sensitivity and adaptability of the ecosys-

tem. For a specific ecosystem region, the sensitivity is defined as the response degree of the

ecosystem to environmental change. The adaptability is the ability of the ecosystem to main-

tain and recover its structure in the face of environmental change.

In our study, NPP of vegetation was adopted as the receptor of human disturbance and

environmental change. The sensitivity was expressed as the inter-annual fluctuation of ecosys-

tem function. The formula is:

S ¼
Xn

i¼1

jFi �
�F j=�F ð2Þ

where Fi is the value of NPP in period i for ecological function capacity during the study period

(2000–2010); �F is the average value of NPP in the URMR from2000 to 2010; S (sensitivity)

indicates the variable rate of ecosystem function, which reflects the degree of dispersion of the

average value from 2000 to 2010.

Ecosystem adaptation means the self-regulation mechanism of ecosystems. Presently, the

mechanisms of adaption remain unclear at the ecosystem level; however, ecosystem adaptation

can be regarded as a measure of maintenance of the system in a relatively stable state. Thus, in

a certain period, the trend of variability of an ecosystem is used to measure its deviation from

the steady-state, and referred to as ecosystem adaptation [62]. If the change trend of variability

is reduced or unchanged, the system tends to be relatively stable, whereas increased variability

suggests an unstable system to adapt to environmental change, and may indicate the vulnera-

bility is increasing. Over a specific period, the trend of ecosystem adaptability can be expressed

by the slope of the linear fitting trend line of inter-annual variability of the ecosystem func-

tional index. In this study, NPP was used as the ecosystem functional index; hence, the adapt-

ability of the ecosystem was defined by the slope of the linear fitting trend line for inter-annual

variability of NPP from 2000 to 2010:

y ¼ ax þ b ð3Þ

Where x is the inter-annual variability of NPP and a is the changing trend of variability (i.e.,

adaptability), and can be calculated using the following formula [63, 64]:

a ¼
n
P

xy � ð
P

xÞð
P

yÞ
n
P

x2 � ð
P

xÞ2
ð4Þ

Where x refers to the natural numbers 1, 2, 3. . ., corresponding to the years from 2000 to

2010, and y is identified as the objective variable of NPP.

Ecological vulnerability
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2.3. Data sources

Land use/cover change (LUCC) documents (scale 1:100,000) were retrieved from the National

Land Use/Cover Database of China (NLUD-C) (LUCC in China at the end of 2000, 2005, and

2010), developed by Chinese Academy of Sciences [65]. Meanwhile, annual NPP data from

2000 to 2010 was downloaded from the MODIS global data set (MOD17) at an 8 kilometer

resolution. The NPP product was the first satellite-driven data set to monitor vegetation pro-

ductivity based on the NASA Earth Observation System (EOS) program. Climatic data was

downloaded from the Meteorology Information Center of the Chinese National Bureau of

Meteorology (China Meteorological Data Sharing Service) and included annual mean temper-

ature and annual mean precipitation [60].

3. Results

3.1. LUCC from 2000 to 2010

LUCC from 2000 to 2010 is summarized in Fig 2 and Table 1. Forest, grassland, and shrub

were the main vegetation types, accounting for more than 86% of the study area. Forest

increased by 13.09 km2 from 2000 to 2005, and decreased by 125.28 km2 from 2005 to 2010;

the rate of change was -0.45% from 2000 to 2010. The main reason for forest reduction was the

Ms 8.0 Wenchuan earthquake, which occurred on May 12, 2008, consistent with the findings

of Tian et al. [66] who studied the vegetation damage situation in the URMR during the earth-

quake and its recovery status in the subsequent two years. Grassland increased by 27.39 km2

from 2000 to 2005, and by 52.43 km2 from 2005 to 2010; the rate of change was 0.33% from

Fig 2. The rate of LUCC in URMR.

https://doi.org/10.1371/journal.pone.0181825.g002
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2000 to 2010. Shrub increased by 54.55 km2 from 2000 to 2005, and by 24.75 km2 from 2005 to

2010; the rate of change was 0.32% from 2000 to 2010. Overall, the total rate of LUCC was less

than 0.50% from 2000 to 2010. Forest and farmland decreased, with bare-land remaining sta-

ble and other types of land use increasing.

3.2. Sensitivity of ecosystems

According to cluster analysis, the ecosystem sensitivity was classified into four types (slight,

moderate, severe, and extreme) in three different study periods (2000–2005yr, 2005–2010yr,

and 2000–2010yr) (Fig 3 and Table 2). The slightly and moderately sensitive zones were the

largest in our study area, the severely sensitive zone was small and mainly distributed in the

Table 1. Land use types in the URMR in 2000, 2005, and 2010yr.

Land-use

type

2000 2005 2010 Percentage change (%)

Area

(km2)

Percentage

(%)

Area

(km2)

Percentage

(%)

Area

(km2)

Percentage

(%)

2000–

2005

2005–

2010

2000–

2010

Forest 9020.28 36.40 9033.37 36.45 8908.09 35.95 0.05 -0.50 -0.45

Shrub 5908.11 23.84 5962.66 24.06 5987.41 24.16 0.22 0.10 0.32

Grassland 7137.79 28.80 7165.18 28.92 7217.61 29.13 0.12 0.21 0.33

Water 67.76 0.27 70.27 0.28 71.70 0.29 0.01 0.01 0.02

Farmland 551.81 2.23 450.89 1.82 442.19 1.78 -0.41 -0.04 -0.45

Building 8.04 0.03 8.60 0.03 9.10 0.04 0.00 0.01 0.01

Desert 1775.37 7.16 1778.19 7.18 1833.06 7.40 0.02 0.22 0.24

Bare-land 310.64 1.25 310.64 1.25 310.64 1.25 0.00 0.00 0.00

Total 24779.80 100 24779.80 100 24779.80 100 / / /

https://doi.org/10.1371/journal.pone.0181825.t001

Fig 3. Ecosystem sensitivity of the URMR. The graph A, B and C represent the sensitivity of the URMR during 2000-2005yr, 2005-2010yr, and 2000-

2010yr, respectively.

https://doi.org/10.1371/journal.pone.0181825.g003
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southern area, and there was almost no extremely sensitive zone, suggesting that the overall

sensitivity level of the study area was ‘slight’. From 2000 to 2010, the combined area of the

slightly and moderately sensitive zones was 24037.25 km2, accounting for more than 99% of

the study area, while severely and extremely sensitive zones made up less than 1%. Comparing

the periods 2005–2010 and 2000–2005, the slightly sensitive zone decreased from 15818.36

km2 to 15100.40 km2 (change rate, -2.96%), the moderately sensitive zone decreased from

7700.71 km2 to 7490.88 km2 (change rate, -0.86%), and the severely vulnerable zone increased

from 549.58 km2 to 1466.71 km2 (change rate, 3.81%).

During 2000–2010, the main severely and extremely sensitive zones located in desert eco-

system, accounting for more than 40.74% area in the severely sensitive zone and 55.56% area

in the extremely sensitive zone. Meanwhile, the slight sensitivity area was distributed in the

forest and grassland ecosystems (Table 3).

3.3. Vulnerability of ecosystems

The result showed that the slightly and moderately vulnerable zones were the largest in the

study area (Fig 4 and Table 4), and the severely and extremely vulnerable zones were mainly

distributed in the south. During 2000–2010, the area of the slightly and moderately vulnerable

zones was 21596.39 km2, accounting for almost 90% of the total area, while the extremely vul-

nerable zone made up only 0.85%, and the result indicated that the degree of vulnerability in

the study area was ‘slight’. Comparing 2005–2010 with 2000–2005, the slightly vulnerable zone

decreased from 15393.17 to 12286.62 km2, with a change rate of -12.92%; the moderately vul-

nerable zone increased from 7891.77to 9664.87 km2, with a change rate of 7.36%; and the

severely vulnerable zone increased from 772.48 to 2111.96 km2, with remarkable change rate

of 5.57%; the extreme vulnerable zone was almost invariant. In summary, the moderately and

severely vulnerable zones were increased while the slight vulnerability zone was decreased

Table 2. Changes in area of zones of different levels of sensitivity in the URMR during 2000–2005, 2005–2010, and 2000–2010yr.

Sensitivity Level 2000–2005 2005–2010 2000–2010

Area (km2) Percentage (%) Area (km2) Percentage (%) Area (km2) Percentage (%)

Slight 15818.36 65.71 15100.40 62.75 14852.52 61.60

Moderate 7700.71 31.99 7490.88 31.13 9184.73 38.10

Severe 549.58 2.28 1466.71 6.09 60.38 0.25

Extreme 5.30 0.02 7.45 0.03 12.23 0.05

https://doi.org/10.1371/journal.pone.0181825.t002

Table 3. Changes in area of zones of different levels of sensitivity in the URMR during 2000–2010 according to land-use types.

Land-use Types Sensitivity Level

Slight Moderate Severe Extreme

Area

(km2)

Percentage Area

(km2)

Percentage Area

(km2)

Percentage Area

(km2)

Percentage

Forest 5083.98 34.42 3658.64 40.23 5.15 7.41 0.00 0.00

Shrub 3891.33 26.35 1933.65 21.26 6.87 9.88 1.72 11.11

Grassland 4723.35 31.98 2246.19 24.70 24.90 35.80 4.29 27.78

Water 40.36 0.27 30.91 0.34 0.86 1.23 0.00 0.00

Farmland 316.84 2.15 120.21 1.32 0.00 0.00 0.00 0.00

Building 5.15 0.03 1.72 0.02 0.00 0.00 0.00 0.00

Desert 659.43 4.46 923.89 10.16 28.33 40.74 8.59 55.56

Bare-land 48.94 0.33 178.60 1.96 3.43 4.94 0.86 5.56

https://doi.org/10.1371/journal.pone.0181825.t003
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simultaneously, suggesting that the overall vulnerability of the ecosystem deteriorated during

the period of 2005 to 2010 compared with 2000 to 2005yr.

The slightly, moderately, and severely vulnerable zones were mainly distributed in the for-

est, shrub, and grassland ecosystems (Table 5), which comprised more than 90%, more than

85%, and more than 80% of the slightly, moderately, and severely vulnerable zones, respec-

tively. The extremely sensitive zone was mainly composed of grassland and desert, which

accounted for more than 65%.

3.4. Effects of environmental factors on ecosystems

To investigate the relationships of sensitivity and vulnerability with altitude, temperature, pre-

cipitation, and aridity index, we randomly sampled 40 sites along gradients of altitudinal, tem-

perature, precipitation, and aridity change (Fig 5). Due to sensitivity is closely related with

vulnerability, we only explore the relationships of environmental factors with ecosystem vul-

nerability. There were no significant relationship between vulnerability and altitude (Fig 6A),

and temperature also had an insignificant effect on ecosystem vulnerability (P>0.05) (Fig 6B).

However, the significant positive correlation was identified between precipitation (>700mm)

Fig 4. Ecosystem vulnerability of the URMR. The graph A, B and C represent the vulnerability of the URMR during 2000-2005yr, 2005-2010yr, and 2000-

2010yr, respectively.

https://doi.org/10.1371/journal.pone.0181825.g004

Table 4. Changes in vulnerability in the URMR during the periods of 2000–2005yr, 2005–2010yr, and 2000–2010yr.

Vulnerability Level 2000–2005 2005–2010 2000–2010

Area (km2) Percentage (%) Area (km2) Percentage (%) Area (km2) Percentage (%)

Slight 15393.17 63.97 12286.62 51.05 13299.04 55.31

Moderate 7891.77 32.80 9664.87 40.16 8297.35 34.51

Severe 772.47 3.21 2111.96 8.78 2243.43 9.33

Extreme 6.24 0.03 4.06 0.02 203.67 0.85

https://doi.org/10.1371/journal.pone.0181825.t004
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and vulnerability (R2 = 0.28, P<0.05) (Fig 6C). Similarly, a significant positive correlation was

found between vulnerability and the aridity index (R2 = 0.23, P< 0.05; >36 mm/˚C) (Fig 6D).

4. Discussions

4.1. Vulnerability and sensitivity of ecosystems

The vulnerability of ecosystems is determined by their degree of exposure, sensitivity, and

adaptability. In addition, the degree of exposure reflects external disturbance or stress, which

indicates human activity in the area. Sensitivity reflects an area where suffers from the influ-

ence of stress, while adaptability is the adaptive capacity of the area experiencing stress [67].

The farmland area and human population are small in URMR (the coefficient of cultivated

land is 1.74% and the population density is 16 persons/km2); therefore, the degree of exposure

is not a major factor for vulnerability. Moreover, artificial ecosystems account for only 2% of

the area (Table 1), suggesting that the level of human disturbance is relatively low for the ter-

restrial ecosystem in the study area. Notably, compared with the period from 2000 through

2005, the area of severe and extreme sensitivity was elevated during 2005–2010 (Table 2). Fur-

ther study showed that the main land use types resulting in deterioration of sensitivity were

farmland and buildings. Urbanization is proceeding worldwide, particularly in China, which is

a rapidly developing country. Agricultural land is being transformed into building land during

the process of urbanization, which accelerates environmental degradation [68]. Our results

demonstrate that the slightly and moderately vulnerable zones were the largest areas in the

URMR during the period from 2000 to 2010. Similar results were reported for vulnerability in

China based on potential vegetation and climate change [69, 70]. After analyzing the spatial

pattern of vulnerability in the URMR, we propose that the vulnerability of Songpan County is

low, because it is located on the source of the Minjiang River (a national natural protection

zone), and has a small population with low levels of human activity. Wenchuan County is

more vulnerable because it is almost entirely located in the dry hot valley and suffers more

from mountain hazards (i.e., landslide and debris flow) [71].

LUCC has a considerable effect on global climate change [72], the cycle of geochemical

elements [73], soil, water [74], and the structure and function of regional ecology [75], leading

to increased ecosystem sensitivity and vulnerability [76]. Human activity also has a consider-

able influence on the sensitivity and vulnerability of ecosystems [77]. Comparing the begin-

ning with the end of the study period, there was a change of 337.20 km2 in land-use and land-

cover categories (Table 1), accounting for only 1.36% of the total area. The sensitivity and

Table 5. Changes in area of zones of different levels of vulnerability in the URMR during 2000–2010 according to land-use types.

Land-use Types Vulnerability Level

Slight Moderate Severe Extreme

Area

(km2)

Percent-age

(%)

Area

(km2)

Percent-age

(%)

Area

(km2)

Percent-age

(%)

Area

(km2)

Percent-age

(%)

Forest 4479.50 33.84 3394.18 41.24 843.18 37.23 30.91 14.34

Shrub 3528.13 26.65 1835.76 22.31 438.76 19.37 30.91 14.34

Grassland 4308.63 32.55 2022.94 24.58 596.75 26.35 70.41 32.67

Water 36.06 0.27 24.90 0.30 9.44 0.42 1.72 0.80

Farmland 285.07 2.15 140.82 1.71 11.16 0.49 0.00 0.00

Building 3.43 0.03 3.43 0.04 0.00 0.00 0.00 0.00

Desert 558.97 4.22 695.49 8.45 293.65 12.96 72.13 33.47

Bare-land 37.78 0.29 112.48 1.37 72.13 3.18 9.44 4.38

https://doi.org/10.1371/journal.pone.0181825.t005
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Fig 5. The sampled sites of environmental factors in the URMR. The graph A, B, C and D represent altitude, temperature,

precipitation and aridity index gradients, respectively.

https://doi.org/10.1371/journal.pone.0181825.g005
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vulnerability of the study area were almost unchanged from 2000 to 2010, although some

regions were more sensitive and vulnerable than others (Figs 3 and 4).

4.2. Effects of environmental factors on ecosystems

Vulnerability is defined as the degree or ease with which a system suffers or fails to cope with

the effects of climate change [78, 79]. Altitude, temperature, and precipitation also have a great

impact on NPP [80, 81]. Within the study area, precipitation increased from north to south,

and increased precipitation is associated with an elevated likelihood of soil erosion, landslide,

and debris flow [82], which contribute to the increased vulnerability of an ecosystem; hence,

there is a positive correlation between vulnerability and precipitation. In general, high produc-

tivity lowered the vulnerability of the ecosystem. Temperature also has an impact on produc-

tivity, with some studies demonstrating that NPP increases with rising temperature [83, 84].

However, other studies reported that the vegetation respiration rate is accelerated when

Fig 6. Relationships of environmental factors with vulnerability in the URMR. Graph A, B, C and D represent the effects of altitude, temperature,

precipitation and aridity index on the vulnerability, respectively.

https://doi.org/10.1371/journal.pone.0181825.g006
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temperatures increase, which reduces the NPP of ecosystems [85, 86]. The aridity index was

calculated from precipitation and temperature, and higher aridity indices were associated with

elevated vulnerability(Fig 6D). Furthermore, the terrain in the study area is considerably

undulated, with an altitude range of over 1000m. Therefore, the vertical distribution of the cli-

mate and vegetation is noticeable in the URMR [87]. The vegetation types changes from tem-

perate forest into dry-valley shrub, subalpine forest, subalpine meadow, and shrub as the

altitude increases [88, 89]. Structure and function are important features of ecosystems, and

the specific structures of all ecosystems influence their functions as well as their performance

[90]. The more complex an ecosystem structure and the more powerful the ecosystem function

is, the stronger the ability of the ecosystem to resist interference, and the higher its stability

and lower its vulnerability [91, 92]. Hence, gradual weakening of the structure and function of

ecosystems results in changes which make it more vulnerable. Nevertheless, the vertical change

in vegetation and climate also has a different impact on the vulnerability of ecosystems, and

the reason for the correlation between altitude and vulnerability in the study area need to

explore in next step.

5. Conclusions

In this study, NPP was used to assess ecological vulnerability in the Upper Reaches of the Min-

jiang River, Eastern Tibetan Plateau, China. Based on the change trend of NPP from 2000 to

2010, the sensitivity and vulnerability of the ecosystems were analyzed. Furthermore, the cor-

relations of vulnerability and sensitivity with environmental factors were explored. We

reached the following conclusions:

1. The total changed rate of LUCC was less than 0.50% from 2000 to 2010 in the URMR, with

forest and farmland was decreasing, bare-land was stable, and other types were increasing.

2. Assessment of changes in ecosystem sensitivity and vulnerability indicated that the slightly

and moderately sensitive/vulnerable zones occupied the largest area of the URMR, and

were mainly distributed in forest, shrub, and grassland ecosystems. Furthermore, an overall

deteriorating trend was found in ecological sensitivity/vulnerability of the study area during

these years.

3. In addition, positive correlations were identified between sensitivity/vulnerability and pre-

cipitation (>700mm) and aridity index (>36 mm/˚C) in the URMR from 2000 to 2010.

Acknowledgments

This research is funded by the National Science Foundation of China (Grant no. 41301193,

41501057), and West Light Foundation of The Chinese Academy of Sciences. The funders pro-

vide financial support in data collection and publish. The funders had no role in study design,

data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

Conceptualization: Jifei Zhang, Jian Sun.

Data curation: Jifei Zhang, Jian Sun.

Formal analysis: Jian Sun.

Funding acquisition: Jifei Zhang, Jian Sun.

Ecological vulnerability

PLOS ONE | https://doi.org/10.1371/journal.pone.0181825 July 28, 2017 12 / 16

https://doi.org/10.1371/journal.pone.0181825


Investigation: Baibing Ma, Wenpeng Du.

Methodology: Jian Sun.

Software: Jian Sun.

Supervision: Jian Sun.

Validation: Baibing Ma, Wenpeng Du.

Writing – original draft: Jifei Zhang, Jian Sun, Baibing Ma, Wenpeng Du.

Writing – review & editing: Jifei Zhang, Jian Sun, Baibing Ma, Wenpeng Du.

References
1. Pandey R, Bardsley DK. Social-ecological vulnerability to climate change in the Nepali Himalaya. Appl

Geogr. 2015; 64: 74–86.

2. Folland CK, Rayner NA, Brown SJ, Smith TM, Shen SSP, Parker DE, et al. Global temperature change

and its uncertainties since 1861. Geogr Res Lett. 2001; 28(13): 2621–2624.

3. Salinger MJ. Climate variability and change: past, present and future: An overview. Clim Change. 2005;

70(1): 9–29.

4. IPCC. Climate change 2007: Synthesis report. An assessment of the intergovernmental panel on cli-

mate change (IPCC). Geneva: IPCC; 2007.

5. Mann ME, Bradley RS, Hughes MK. Northern hemisphere temperatures during the past millennium:

inferences, uncertainties, and limitations. Geophys res lett. 1999; 26(6): 759–762.

6. IPCC. The physical science basis: Working group I contribution to the fifth assessment report of the

intergovernmental panel on climate change. New York: Cambridge University Press, 1, 535–1; 2013.

7. Wu SH, Dai EF, Huang M, Shao XM, Li SC, Tao B. Ecosystem vulnerability of China under B2 climate

scenario in the 21st century. Chin Sci Bull. 2007; 52: 1379–1386.

8. Liu M, Liu GH, Wu X, Wang H, Chen L. Vegetation traits and soil properties in response to utilization pat-

terns of grassland in Hulun Buir City, Inner Mongolia, China. Chin Geogr Sci. 2014; 24: 471–478.

9. Farhan AR, Lim S. Vulnerability assessment of ecological conditions in Seribu Islands, Indonesia.

Ocean coast manage. 2012; 65: 1–14.

10. De Lange HJ, Sala S, Vighi M, Faber JH. Ecological vulnerability in risk assessment—a review and per-

spectives. Sci Total Environ. 2010; 408(18): 3871–3879. https://doi.org/10.1016/j.scitotenv.2009.11.

009 PMID: 20004002

11. Beroya-Eitner MA. Ecological vulnerability indicators. Ecol Indic. 2016; 60: 329–334.

12. Adger WN. Vulnerability. Glob Environ Change. 2006; 16(3): 268–281.

13. IPCC. Climate Change 2014: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. NY, USA: Cambridge

University Press, 1: 32; 2014.

14. Liu HL, Willems P, Bao MA, Wang L, Chen X. Effect of climate change on the vulnerability of a socio-

ecological system in an arid area. Global Planet Change. 2016; 137: 1–9.

15. Pandey R, Bardsley DK. Social-ecological vulnerability to climate change in the Nepali Himalaya. Appl

Geog. 2015; 64: 74–86.

16. Cinner JE, Huchery C, Darling ES, Humphries AT, Graham NAJ, Hicks CC, et al. Evaluating social and

ecological vulnerability of coral reef fisheries to climate change. PLOS ONE. 2013; 8(9):1–12.

17. Kelly PM, Adger WN. Theory and practice in assessing vulnerability to climate change and facilitating

adaptation. Clim Change. 2000; 47(4): 325–352.

18. Villa F, McLeod H. Environmental vulnerability indicators for environmental planning and decision-mak-

ing: guidelines and applications. Environ Manag. 2002; 29(3): 335–348.

19. Jin Y, Meng JJ. Assessment and forecast of ecological vulnerability: a review. Chin J Ecol. 2011; 30

(11): 2646–2652 (in Chinese)

20. Song G, Li Z, Yang Y, Semakula HM, Zhang S. Assessment of ecological vulnerability and decision-

making application for prioritizing roadside ecological restoration: A method combining geographic infor-

mation system, Delphi survey and Monte Carlo simulation. Ecol Indic. 2015; 52: 57–65.

21. Eakin H, Luers AL. Assessing the vulnerability of Social-environmental systems. Annu Rev Env Resour.

2006; 31: 365–394.

Ecological vulnerability

PLOS ONE | https://doi.org/10.1371/journal.pone.0181825 July 28, 2017 13 / 16

https://doi.org/10.1016/j.scitotenv.2009.11.009
https://doi.org/10.1016/j.scitotenv.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20004002
https://doi.org/10.1371/journal.pone.0181825


22. Preston BL, Yuen EJ, Westaway RM. Putting vulnerability to climate change on the map: a review of

approaches, benefits, and risks. Sustain Sci. 2011; 6(2): 177–202.

23. Yongxiang Z, Bo T, Li Y. Assessment on the vulnerability of different ecosystems to extreme rain falls in

the middle and lower reaches of Yangtze River.Theor Appl Climatol. 2015; 121: 157–166.

24. Erb KH, Krausmann F, Gaube V, Gingrich S, Bondeau A, Fischer-Kowalski M, et al. Analyzing the

global appropriation of net primary production processes, trajectories, implications. An introduction.

Ecol Econ. 2009; 69: 250–59.

25. Millennium Ecosystem Assessment. Ecosystems and human well-being: biodiversity synthesis. World

resources institute, Washington, DC; 2005.

26. Fagre DB, Peterson DL. Ecosystem dynamics and disturbance in mountain wildernesses: assessing

vulnerability of natural resources to change. Res Station. 2000; 3: 74–81.

27. Pahl-Wostl C. Sensitivity analysis of ecosystem dynamics based on macroscopic community descrip-

tors: a simulation study. Ecol Model. 1994; 75–76: 51–62.

28. Li Y. Ecosystem sensitivity to climate variability. Proceedings of IEEE International Geoscience and

Remote Sensing Symposium. Seoul Korea July. 2005; 25–29: 5361–5364.

29. Shen CC, Shi HH, Zheng W, Ding DW. Spatial heterogeneity of ecosystem health and its sensitivity to

pressure in the waters of nearshore archipelago. Ecol Indic. 2015; 61: 822–832.

30. Wilcox KR, Blair JM, Smith MD, Knapp AK. Does ecosystem sensitivity to precipitation at the site-level

conform to regional-scale predictions? Ecol. 2016; 97: 561–568.

31. Gallopı́n GC. Linkages between vulnerability, resilience, and adaptive capacity. Glob environ change.

2006; 16(3): 293–303.

32. Janssen MA, Schoon ML, Ke W, Börner K. Scholarly networks on resilience, vulnerability and adapta-

tion within the human dimensions of global environmental change. Glob environ change. 2006; 16(3):

240–252.

33. Amundrud SL, Srivastava DS. Drought sensitivity predicts habitat size sensitivity in an aquatic ecosys-

tem. Ecol. 2015; 96: 1957–1965.

34. Temperli C, Zell J, Bugmann H, Elkin C. Sensitivity of ecosystem goods and services projections of a

forest landscape model to initialization data. Landscape Ecol. 2013; 28: 1337–1352.

35. Dong XB, Gao WS, Chen YQ, Liang WL. Valuation of fragile agro-ecosystem services in the Loess

region—A case study of Ansai county in China. Outlook Agr. 2007; 36: 247–253.

36. Guo B, Zhou Y, Zhu JF, Liu WL, Wang FT, Wang LT, et al. Spatial patterns of ecosystem vulnerability

changes during 2001–2011 in the three-river source region of the Qinghai-Tibetan Plateau, China. J

Arid Land. 2016; 8: 23–35.

37. Mekonnen ZA, Grant RF, Schwalm C. Sensitivity of modeled NEP to climate forcing and soil at site and

regional scales: Implications for upscaling ecosystem models. Ecol Model. 2016; 320: 241–257.

38. Morris DJ, Speirs DC, Cameron AI, Heath MR. Global sensitivity analysis of an end-to-end marine eco-

system model of the North Sea: Factors affecting the biomass of fish and benthos. Ecol Model 2014;

273: 251–263.

39. Safta C, Ricciuto DM, Sargsyan K, Debusschere B, Najm HN, Williams M, et al. Global sensitivity analy-

sis, probabilistic calibration, and predictive assessment for the data assimilation linked ecosystem car-

bon model. Geosci Model Dev. 2015; 8: 1899–1918.

40. Tang JY, Zhuang QL. A global sensitivity analysis and Bayesian inference framework for improving the

parameter estimation and prediction of a process-based Terrestrial Ecosystem Model. J Geophys Res.

2009; 114:4427–4433.

41. Qiao Q, Gao JX, Wang W, Tian MR, Lv SH. Method and application of ecological frangibility assess-

ment. Res Environ Sci. 2008; 21: 117–123. (In Chinese)

42. Hong W, Jiang R, Yang C, Zhang F, Su M, Liao Q. Establishing an ecological vulnerability assessment

indicator system for spatial recognition and management of ecologically vulnerable areas in highly

urbanized regions: A case study of Shenzhen, China. Ecol Indic. 2016; 69: 540–547.

43. Laterra P, Barral P, Carmona A, Nahuelhual L. Focusing Conservation Efforts on Ecosystem Service

Supply May Increase Vulnerability of Socio-Ecological Systems. PlOS one. 2016; 11(5).

44. Yao J, Ding J, Ai NS. Assessment of ecological vulnerability in upper reaches of Minjiang river. Res

Environ Yangtze Basin. 2004; 13: 380–383. (In Chinese)

45. Wang JY, Zhao GX, Wang XF, Wang L, Liu SM, Liu T. Discussion on environmental fragility and

assessment. Shandong Agric Sci. 2004; 2: 9–11. (In Chinese)

46. Tang GP, Beckage B, Smith B, Miller PA. Estimating potential forest NPP, biomass and their climatic

sensitivity in New England using a dynamic ecosystem model. Ecosphere. 2010; 1: 1560–1572.

Ecological vulnerability

PLOS ONE | https://doi.org/10.1371/journal.pone.0181825 July 28, 2017 14 / 16

https://doi.org/10.1371/journal.pone.0181825


47. Yuan QZ, Wu SH, Zhao DS, Dai EF, Chen L, Zhang L. Modeling net primary productivity of the terres-

trial ecosystem in China from 1961 to 2005. J Geogr Sci. 2014; 24: 3–17.

48. Zhang MF, Wei XH, Sun PS, Liu SR. The effect of forest harvesting and climatic variability on runoff in a

large watershed: The case study in the Upper Minjiang River of Yangtze River basin. J Hydrol. 2012;

13: 1–11.

49. Chen G, Tu J, Fan H, Ye Y, Chen Y. The Theroies and Practices of the Eco-reconstruction for the

Upper Reaches of Minjiang River. Southwest China Normal Univeristy Press: Chengdu; 2006.

50. Mep gov.cn [Internet]. Notice on Printing and Distributing “The China Biodiversity Conservation Strategy

and Action Plan (2011–2030)”. [Updated 2010 September 17; cited 2016 September 8]. Available from:

http://www.mep.gov.cn/gkml/hbb/bwj/201009/t20100921_194841.htm. (In Chinese)

51. Zhb.gov.cn [Internet]. [Updated 2011 June 16; cited 2016 August 1]. Notice on Printing and Distributing

"The Qinghai-Tibet Plateau Regional Ecological Construction and Environmental Protection Planning

(2011–2030)". Available from: http://www.zhb.gov.cn/gkml/hbb/qt/201106/t20110616_212635.htm. (In

Chinese)

52. Sc gov.cn [Internet]. Interpretation of "Sichuan Province, Qinghai-Tibet Plateau Regional Ecological

Construction and Environmental Protection Planning (2011–2030)". [Updated 2012 April 23; cited 2016

September 8]. Available from: http://www.sc.gov.cn/10462/10464/10927/10928/2012/4/23/10207263.

shtml. (In Chinese)

53. He XY, Zhao YH, Hu YM, Chang Y, Zhou QX. Landscape changes from 1974 to 1995 in the upper Min-

jiang River Basin, China. Pedosphere. 2006; 16: 398–405.

54. Zhang WG, Hu YM, Hu JC, Chang Y, Zhang J, Liu M. Impacts of land-use change on mammal diversity

in the upper reaches of Minjiang River, China: Implications for biodiversity conservation planning. Land-

scape Urban Plan. 2008; 85: 195–204.

55. Tilman D, Reich PB, Knops JM. Biodiversity and ecosystem stability in a decade-long grassland experi-

ment. Natrue. 2006, 441(7093): 629

56. Ma KM, FU BJ, Liu SL, Guan WB, Liu GH, Lv YH, et al. Multiple-scale soil moisture distribution and its

implications for ecosystem restoration in an arid river valley, China. Land Degrad Dev. 2004; 15: 75–

85.

57. Li AN, Wang AS, Liang SL, Zhou WC. Eco-environmental vulnerability evaluation in mountainous region

using remote sensing and GIS: A case study in the upper reaches of Minjiang River, China. Ecol Model.

2006; 192: 175–187.

58. Zhang WG, Hu YM, Zhang J, Liu M, Yang ZP. Assessment of land use change and potential eco-ser-

vice value in the upper reaches of Minjiang River, China. J Forestry Res. 2007; 18: 97–102.

59. Tang Q, He XB, Bao YH, Zhang XB, Guo F, Zhu HW. Determining the relative contributions of climate

change and multiple human activities to variations of sediment regime in the Minjiang River, China.

Hydrol Process. 2013; 27: 3547–3559.

60. Sichuan Statistical Year Book 2014. China Statistics Press. 2015. (In Chinese)

61. Xiao T, Wang JB, Chen ZQ. Vulnerability of grassland ecosystems in the Sanjiangyuan Region based

on NPP. Resour Sci. 2010; 32: 323–330. (In Chinese)

62. Coulson D, Joyce L. Indexing variability: A case study with climate change impacts on ecosystems.

Ecological Indicators. 2006, 6(4):749–769.

63. Sun J, Qin XJ. Precipitation and temperature regulate the seasonal changes of NDVI across the Tibetan

Plateau. Environ Earth Sci. 2016; 75: 1–9.

64. Sun J, Qin XJ, Yang J. The response of vegetation dynamics of the different alpine grassland types to

temperature and precipitation on the Tibetan Plateau. Environ Monit Asses. 2016; 188:1–11.

65. Zhang ZX, Wang X, Zhao XL, Liu B, Yi L, Zuo LJ, et al. A 2010 update of National Land Use/Cover Data-

base of China at 1:100000 scale using medium spatial resolution satellite images. Remote Sens. Envi-

ron. 2014; 149: 142–154.

66. Tian SJ, Kong JM. Statistical Analysis the Distribution of Landslide Triggered by m 8.0 Wenchuan,

China Earthquake of May 12, 2008. Applied Mechanics & Materials. 2013, 353–356: 1236–1239.

67. Li PX, Fan J. Regional Ecological Vulnerability Assessment Based on VSD Model: A Case Study of

Xijiang River Economic Belt in Guangxi. J Nat Resour. 2014; 29: 779–788.

68. Long X, Ji X, Ulgiati S. Is urbanization eco-friendly?An energy and landuse cross-country analysis.

Energy Policy. 2016, 100.

69. Yu L, Cao MK, Tao B, Li KR, Dong WJ, Liu HB, et al. Quantitative assessment of the vulnerability of ter-

restrial ecosystems of China to climate change based on potential vegetation. J Plant Ecol. 2008; 3:

521–530. (In Chines)

Ecological vulnerability

PLOS ONE | https://doi.org/10.1371/journal.pone.0181825 July 28, 2017 15 / 16

http://www.mep.gov.cn/gkml/hbb/bwj/201009/t20100921_194841.htm
http://Zhb.gov.cn
http://www.zhb.gov.cn/gkml/hbb/qt/201106/t20110616_212635.htm
http://www.sc.gov.cn/10462/10464/10927/10928/2012/4/23/10207263.shtml
http://www.sc.gov.cn/10462/10464/10927/10928/2012/4/23/10207263.shtml
https://doi.org/10.1371/journal.pone.0181825


70. Wu SH, Dai EF, Huang M, Shao XM, Li S, Tao B. Ecosystem vulnerability of China under B2 climate

scenario in the 21st century. Chinese Sci Bull. 2007; 10: 1379–1386.

71. Zhu Y, Yu B, Qi X, Wang T, Chen YJ. Topographical factors in the formation of gully type debris flows in

the Upper Reaches of Minjiang River. J Jilin University. 2014; 44: 268–277. (In Chinese)

72. Singh R, Wagener T, Crane R, Mann ME, Ning L. A vulnerability driven approach to identify adverse cli-

mate and land use change combinations for critical hydrologic indicator thresholds: Application to a

watershed in Pennsylvania, USA. Water Resour Res. 2014; 50: 3409–3427.

73. Miller MP. The influence of reservoirs, climate, land use and hydrologic conditions on loads and chemi-

cal quality of dissolved organic carbon in the Colorado River. Water Resour Res. 2012; 48: 810–830.

74. Wagner PD, Bhallamudi SM, Narasimhan B, Kantakumar LN, Sudheer KP, Kumar S, et al. Dynamic

integration of land use changes in a hydrologic assessment of a rapidly developing Indian catchment.

Sci Total Environ. 2016; 539: 153–164. https://doi.org/10.1016/j.scitotenv.2015.08.148 PMID:

26360457

75. Arevalo CBM, Bhatti JS, Chang SX, Sidders D. Land use change effects on ecosystem carbon balance:

From agricultural to hybrid poplar plantation. Agr Ecosyst Environ. 2011; 141: 342–349.

76. Hou K, Li XX, Wang JJ, Zhang J. An analysis of the impact on land use and ecological vulnerability of

the policy of returning farmland to forest in Yan’an, China. Environ Sci Pollut Res. 2016; 23: 4670–

4680. (In Chinese)

77. Wang RY, Zhao GX, Zhou W, Zhu XC, Wang JY, Qin YW. Assessment of the impacts of land use on

regional ecological environmental vulnerability. T. Chinese Soc Agr Eng. 2008; 24: 215–220. (In

Chinese)

78. Karl TR. The IPCC (1995) scientific assessment of climate change: Observed climate variability and

change. In American Meteorological Society (AMS) symposium on global change studies, Atlanta,

United States, 28 Jan—2 Feb, 1996, CONF-960146-TRN: 97: 005075–0002.

79. McCarthy JJ, Canziani OF, Leary NA, Dokken DJ, White KS. IPCC climate change 2001, impacts,

adaptation, and vulnerability. 2001, 81–111. [Accessed on 10 May 2016]. Available online: http://www.

Grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg2/.

80. Guo ZX, Wang ZM, Zhang B, Liu DW, Yang G, Song KS, et al. Analysis of temporal-spatial characteris-

tics and factors influencing vegetation NPP in northeast China from 2000 to 2006. Res Sci. 2008; 30:

1226–1235. (In Chinese)

81. Zhang Y, Wei QI, Zhou C, Ding M, Liu LS, Gao JG, et al. Spatial and temporal variability in the net pri-

mary production (NPP) of alpine grassland on Tibetan Plateau from 1982 to 2009. Acta Geogr Sinica.

2013; 24: 1197–1211. (In Chinese)

82. Tang C, Zhu J, Ding J, Cui XF, Chen L, Zhang JSS. Catastrophic debris flows triggered by a 14 August

2010 rainfall at the epicenter of the Wenchuan earthquake. Landslides. 2011; 8: 485–497.

83. Finney BP. Reduced growth of Alaskan white spruce in the twentieth century form temperature-induced

drought stress. Nature. 2000; 405: 668–673. https://doi.org/10.1038/35015049 PMID: 10864320

84. Giardina CP, Ryan MG. Evidence that decomposition rates of organic carbon in mineral soil do not vary

with temperature. Nature. 2000; 404: 858–861. https://doi.org/10.1038/35009076 PMID: 10786789

85. Clark DA, Piper SC, Keeling CD, Clark DB. Tropical rain forest tree growth and atmospheric carbon

dynamics linked to interannual temperature variation during 1984–2000. Proc Natl Acad Sci USA. 2003;

100: 5852–5857. https://doi.org/10.1073/pnas.0935903100 PMID: 12719545

86. Lobo A, Maisongrande P. Stratified analysis of satellite imagery of SW Europe during summer 2003:

the differential response of vegetation classes to increased water deficit. Hydrol Earth Syst Sci. 2006;

10: 151–164.

87. Zhang WG, Hu YM, Zhang J, Liu M, Yang ZP, Chang Y, et al. Forest water conservation and its benefits

in upper reaches of Minjiang River in recent 30 years. J Ecol China. 2007; 26: 1063–1067. (In Chinese)

88. Zhang WH, Lu T, Zhou JY, Kang YX, Ma KM, Liu GH. A floristic study on seed plants in the upper

reaches of Minjiang river. Acta Bot Boreali-occidentalia Sinica. 2003; 23: 888–894. (In Chinese)

89. Cheng GW, Sun J, Sha YK, Fan JH. The altitudinal belts of subalpine virgin forest on Mt. Gongga simu-

lated by a succession model. J Mt Sci. 2014; 11: 1560–1570.

90. Hou W, Gao J, Peng T, Wu S, Dai E. Review of ecosystem vulnerability studies in the karst region of

Southwest China based on a structure-function-habitat framework. Progress in Geography. 2016; 35

(3): 320–330.

91. Li SC, Wu SH, Dai EF. Assessing the fragility of ecosystem using artificial neural network model. Acta

Ecologica Sinica. 2005; 25(3): 621–626.

92. Wu GH, Wang NA, Hu SX, Tian LS, Zhang JM. Physical Geography. 4th ed. Beijing, China: Higher

Education Press; 2008.

Ecological vulnerability

PLOS ONE | https://doi.org/10.1371/journal.pone.0181825 July 28, 2017 16 / 16

https://doi.org/10.1016/j.scitotenv.2015.08.148
http://www.ncbi.nlm.nih.gov/pubmed/26360457
http://www.Grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg2/
http://www.Grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg2/
https://doi.org/10.1038/35015049
http://www.ncbi.nlm.nih.gov/pubmed/10864320
https://doi.org/10.1038/35009076
http://www.ncbi.nlm.nih.gov/pubmed/10786789
https://doi.org/10.1073/pnas.0935903100
http://www.ncbi.nlm.nih.gov/pubmed/12719545
https://doi.org/10.1371/journal.pone.0181825

