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 9 

Abstract 10 

Background: The ecosystems and natural environment of the Source Region of Yangtze River (SRYR) 11 

is highly susceptible to the climate change. Quantifying the response of vegetation Net Primary 12 

Productivity (NPP) to the changes of hydrothermal conditions is an important way to identify and 13 

predict global ecosystem dynamics. 14 

Methods: Using MODIS/Terra Yearly NPP data at 1km×1km spatial resolution, the spatial-temporal 15 

variation of NPP was analyzed at first. Then, correlations between NPP and hydrothermal conditions 16 

were evaluated with soil water content and accumulated temperature. Finally, a response model was 17 

built to analyze the sensitivity of the NPP to precipitation and temperature changes.  18 

Result: (1) NPP is generally lower in the western SRYR and increases gradually toward the east, with 19 

an average value of 85.2 gC/m2. The total NPP had increased by 1.42TgC per year from 2000 to 2014. 20 

The fastest change rate of NPP is presented in the Downstream region, followed by the middle stream 21 

region and Dam River Basin; (2) the NPP of one specific year has obvious relationship with the 22 

accumulated temperature of the same year and the soil water deficit of the previous year. The 23 

temperature is the dominant climate factor impacting vegetation growth in the SRYR; (3) It is shown 24 

an increase of NPP by 0.194 TgC (nearly 30%) with a 1-°C increase in annual mean temperature. 25 

While a 10% increase in annual precipitation corresponds to an increase in NPP by 0.517 TgC (nearly 26 

5%).  27 

Conclusion: A warming, wetting and greening SRYR was detected in recent decade. The NPP in 28 

SRYR is more sensitive to changes in temperature than changes in precipitation. 29 

Keywords: Source Region of Yangtze River; NPP; Hydrothermal conditions; Spatial-temporal 30 

variation; Correlation and sensitivity 31 

1. Introduction 32 

Net primary productivity (NPP) is defined as the net amount of carbon taken in by plants via 33 

photosynthesis, and is equal to the difference between the carbon assimilated during 34 

photosynthesis and that released during plant respiration (Leith 1975; Goldewijk and Leemans, 35 

1995). It is an important index for evaluating the health and the carbon cycling of terrestrial 36 

ecosystems (Beerling and Osborne, 2006; Haberl and Fischer Kowalski 2007; Frank et al., 2015). 37 

The primary factors affecting NPP include climatic conditions, geochemical characteristics, 38 
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ecosystem attributes and human activities. Among these factors, climatic conditions have been 39 

proven to be the dominating one (Zhou and Zhang 1996; Nemani et al., 2003; Beerling and 40 

Osborne, 2006; Frank et al., 2015). The NPP has been significantly influenced by rising 41 

temperature and redistributed precipitation patterns in recent decades. The global NPP increased 42 

by 0.19PgC per year from 1982 to 1999 (Nemani et al.,2003). And an increase of 0.03 PgC per 43 

year was found over the 15 years, between 2000 and 2014 (Tum et al., 2016). It is difficult to infer 44 

that the increasing trend has begun to slow down since 2000, because the simulation models used 45 

in the above studies were different. But the global NPP showed increase trend with some 46 

fluctuation in both periods. In China, the total NPP increased by 1.90% from the 1980s to 2015. 47 

The Huang-Huai-Hai Region has witnessed the largest increase in total NPP, followed by Loess 48 

Plateau Region and Northeast China Region (Li et al., 2018). However, there still exist 49 

uncertainties in the NPP trend, deriving from complicated mechanism of NPP change (Ahlström et 50 

al., 2012). 51 

The research on relationship between climate variables (or hydrothermal conditions) and NPP 52 

at the regional and global scales has great importance in the ecological field. With remote sensing 53 

applications or process-based modeling techniques, the effects of climate change (or hydrothermal 54 

conditions change) on vegetation have been explored in the worldwide (Mohamed, et al., 2004; 55 

Motew and Kucharik, 2013; Jin et al.,2018; Tripathi, et al., 2019; Zheng et al.,2020). Specifically, 56 

a series of ecological indicators including NPP at regional scales can be obtained from the 57 

Moderate Resolution Imaging Spectroradiometer (MODIS) (Justice et al., 1998). These systematic 58 

geospatial products can reveal continuous spatio-temporal patterns, making it widely used. 59 

Previous studies have proven that the variability of terrestrial NPP has relation with both 60 

temperature and precipitation (Mohamed, et al., 2004; Piao et al., 2011; Li et al.,2018; Wang et al., 61 

2018). But primary climate factors affected the NPP differently in diverse regions. Generally, 62 

terrestrial NPP is more susceptible to temperature in middle and high latitudes while precipitation 63 

is the dominating factor in low latitudes (Gang et al., 2015). However, some aspects of these 64 

relationships remain to be further studied and discussed, mainly due to the differences in study 65 

areas and study time periods. 66 

The Source Region of Yangtze River (SRYR) is a typical alpine region in the western Tibetan 67 

plateau, situated at 4000 m above mean sea level. It is referred to as an important ecological 68 

security shelter zone in Three-River Headwaters region. However, The SRYR’ s ecosystems and 69 

natural environment are inherently fragile and vulnerable to global warming. Similar to the whole 70 

Tibetan plateau, the SRYR has experienced significant warming trends in recent decades. The 71 

temperature increased by 0.34°C/10a during the period from 1957 to 2013 (Du et al., 2017) and 72 

this warming is predicted to continue in the next 30 years based on CMIP5 Climate Models (Yuan 73 

et al., 2019). It is necessary to observe the vegetation and analyze the climate change in this 74 

significant place. This research took the SRYR as the study area and explored the effects of 75 

hydrothermal condition on NPP. In this study, the hydrothermal conditions refer to soil water 76 

content and accumulated temperature, which can be obtained from meteorological data and the 77 

NPP data came from MOD17A3 products. Both the correlations between NPP and hydrothermal 78 

condition, and sensitivity of NPP to climate change were analyzed in this paper. 79 



2. Study area and data 80 

2.1 Study area 81 

The Source Region of Yangtze River (SRYR for short, Latitude: 32°25′E and 35°53′E; 82 

Longitude: 89°43′E to 97°19′E), located in the western Tibetan plateau, covers an area of 159,065 83 

km2 (Fig.1). The elevation ranges from 6,456 m in the West to 3,512 mm in the East, with an 84 

average of 4,779 m. The average annual precipitation is approximately 327.4 mm, which is mainly 85 

distributed from June to September. The average annual temperature is about -5.5 to 3.0 °C from 86 

northeast to southwest, with an average of 2.9 °C (Chen, 2013; Du et al., 2017). The aridity index 87 

is 3.67 in the SRYR, which means the climate is very dry. The land cover in the SRYR consists 88 

primarily of grasslands (63.8%) and unused land (29.4%). Water area and forest land are less 89 

dominant land cover types, accounting for 6.5% and 0.3% of the total area of SRYR. Due to the 90 

cold and dry climatic conditions, the eco-hydrology process of the whole region is sensitive to 91 

climate change. 92 

[Figure 1] 93 

Fig.1 The location of Source Region of Yangtze River (SRYR) 94 

2.2 Datasets 95 

2.2.1 Remote sensing data 96 

Remote sensing data used are obtained from global annual MOD17A3 products (version: 055) 97 

from 2000 to 2014, and all of them have a spatial resolution of 1 km. This dataset is produced by 98 

the Numerical Terradynamic Simulation Group (NTSG) at the University of Montana (UMT) 99 

(available from https://earthdata.nasa.gov/). 100 

2.2.2 Meteorological data 101 

The gridded meteorological data used are obtained from China Ground Precipitation 0.5°×0.5° 102 

Grid Dataset V2.0 and China Ground Temperature 0.5°×0.5° Grid Dataset V2.0. These datasets 103 

are provided by National Meteorological Information Center (http://data.cma.cn/). A total of 102 104 

grids in the SRYR and the surroundings during 2000 to 2014 are selected. The gridded data has 105 

been projected and resampled in order to ensure the same coordinate system and resolution with 106 

MOD17A3 products. 107 

3. Methodology 108 

3.1 Calculation of soil water deficit and accumulated temperature 109 

3.1.1 Soil water deficit 110 

Soil water content is one of limiting factors for vegetation growth, especially in arid and 111 
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semi-arid regions (e.g. the SRYR). In this study, we used soil water deficit to represent the soil 112 

water content, which can be calculated according to the following function: 113 

SD P R PE= − −                              (1) 114 

where, SD is the annual soil water deficit (mm); P is the annual precipitation (mm); R is the 115 

annual surface runoff (mm); PE is the annual land-surface evaporation (mm).  116 

Annual surface runoff (R) can be obtained from the runoff coefficient (α) and annual 117 

precipitation (P) according to Eq.2. The USDA-SCS method and the experience value method was 118 

used for determining the runoff coefficients in this study (Zhang, 2010) (Table 1). 119 

R Pα=                                    (2) 120 

 121 

Table 1 Runoff coefficients for different slopes 122 

[Table 1] 123 

Takahashi Koichiro Lang Equation (Takahashi, 1979) was selected to estimate PE in Eq.1, 124 

which is a widespread application for its simple structure (Eq.3). 125 
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where, PEm, Pm and Tm are monthly land-surface evaporation (mm), monthly precipitation (mm) 127 

and monthly temperature (°C), respectively. 128 

3.1.2 Accumulated temperature 129 

Accumulated temperature refers to the sum of daily mean temperatures greater than or equal 130 

to a critical temperature (here is 0°C), which can be calculated by the following formula: 131 

0 0
e

b

D

i i

i D

AT T T
=

= ≥∑                              (4) 132 

where, AT0 is the ≥0°C accumulated temperature (mm); Ti is the daily mean temperature on day i; 133 

Db and De are the beginning date and ending date with T ≥0°C in each year of Julian calendar , 134 

which can be determined with 5-day moving average method (Yan et al., 2011; Zhang et al., 135 

2011). 136 

3.2 Trend and correlation analysis 137 

3.2.1 Linear regression and the slope 138 

To identify the inter-annual trends of NPP, soil water deficit and accumulated temperature, 139 

the linear regression method was adopted to eliminate the increase or decrease rate (Tian et al. 140 

2019), which can be calculated as follows: 141 
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where, θslope is the linear slope of the time series variable, which can be used to characterize the 143 

increase or decrease rate during a given study period; n is the number of years (here n=15); Xi is 144 

the NPP, soil water deficit or accumulated temperature for the ith year (i=1,2,…n). 145 

3.2.2 Mann-Kendall trend test 146 

A nonparametric test, Mann-Kendall (M-K) trend analysis (Mann, 1945; Kendall, 1948) was 147 

utilized to test the tendency of NPP, soil water deficit and accumulated temperature in the SRYR. 148 

The test statistic Z is calculated as follows: 149 
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                             (6) 150 

where, |Z|=1.65 and |Z|=1.96 indicate the critical values at the significance levels of p= 0.1 and 0.05, 151 

respectively; in variance ( ) ( )( )1 2 5 18Var S n n n= − + , n is the number of years (here n=15); 152 

statistical variable S can be calculated by Eq.7 and Eq.8. 153 
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where, Xj and Xk are variables (NPP, SD or AT0) for the jth year and kth year respectively. 156 

3.2.3 Correlation coefficient 157 

To assess the effects of soil water deficit and accumulated temperature on NPP in the SRYR, 158 

correlation coefficient R was employed to analyze the correlation between two variables (NPP vs. 159 

SD, NPP vs.AT0), using the following formula: 160 
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where, Y denotes the NPP and X denotes the SD or AT0. |R|≥0.8, 0.5≤|R|<0.8, 0.3≤|R|<0.5 and |R| 162 

<0.3 represent high correlation, significant correlation, low correlation and weak correlation 163 

respectively. 164 

3.3 Response model of NPP to hydrothermal conditions and sensitivity analysis 165 

3.3.1 Response model built by multiple linear regressions 166 

It is complex to explain how vegetation respond to hydrothermal conditions. Previous studies 167 

have found that there is relationship between NPP and precipitation and temperature (Li et al., 168 

2018; Byrne et al.,2013; Gao et al., 2009). In addition, several studies have found time lags in 169 

vegetation growth responding to precipitation (Nezlina et al., 2005; Bajgiran et al., 2008). Then, it 170 

may be a reasonable approach to establish a model based on the statistical relation between NPP 171 

of one specific year (NPPi) with the accumulated temperature of the same year (AT0i) and the soil 172 

water deficit at 1-year lag (SDi-1): 173 

1 0i i iNPP SD ATα β γ−= + +                         (10) 174 

where, α, β and γ are parameters of the linear models, which can be estimated by the least square 175 

method. 176 

3.3.2 Sensitivity analysis of the NPP to precipitation and temperature 177 

The response degree of NPP to various changes of precipitation and temperature can be 178 

analyzed and calculated by using Eq.1 to 4 and Eq.10 in the SRYR and its sub-regions. With 179 

assumed plausible hypothetical climatic inputs, sensitivity of the NPP to precipitation and 180 

temperature can be analyzed as follows: 181 
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where NPPP,T is the NPP under the combination of the present precipitation (P) and temperature 184 

variable (T); NPPP+△P,T and NPPP,T+△T are the NPP under the certain precipitation variable 185 

((P+ΔP)(%)) and temperature variable (T+ ΔT(℃)), respectively; ΔNPPΔP (ΔNPPΔT) is the relative 186 

difference between NPPP,T and NPPP+△P,T (ΔNPPT+ΔT). 187 

4. Results 188 



4.1 Distribution of NPP across the SRYR 189 

The average NPP of the SRYR during 2000 to 2014 are calculated and illustrated in Fig.2. 190 

The spatial distribution of multi-year average NPP shows that NPP is generally lower in the 191 

western SRYR and increases gradually toward the east, with an average value of 85.2 gC/m2 and a 192 

range from 1.5 to 531.7 gC/m2. The spatial correlation displayed in Fig.3 shows that there may be 193 

an exponent relation between NPP and elevation. When the elevation is more than 5000m, NPP is 194 

less susceptible to changes in elevation. The resulting slope indicates that a 100m increase in 195 

elevation corresponds to a decrease in NPP by 5.4gC/m². It is clear that NPP is more susceptible to 196 

the elevation increase in the region with elevation less than 5000m. The results show an increase 197 

of 10.5gC/m² for NPP with a 100m increase of elevation. 198 

[Figure 2] 199 

Fig.2 The spatial distribution of multi-year average NPP 200 

[Figure 3] 201 

Fig.3 Average NPP in different elevation 202 

The average annual NPP in different regions are illustrated in Fig.4. The regions where NPP 203 

ranges from 0 to 50 gC/m2, accounting for 31.6% of the total area, are mainly located in Tuotuo 204 

River Basin and Qumar River Basin. The regions with an average annual NPP of 50 to 100 gC/m2 205 

are mainly distributed in Dam River Basin and Middle stream, accounting for 35.2% of the total 206 

area. A high-value zone of average annual NPP can be observed in the Downstream, where NPP is 207 

more than 100 gC/m2, accounting for 33.2% of the total area. 208 

[Figure 4] 209 

Fig.4 Area percentages of regions with different grades in average annual NPP* 210 

*Note: Sub-region I to V represent Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and Downstream, 211 
respectively. 212 

4.2 Spatial-temporal variation of NPP across the SRYR 213 

The change in annual NPP in the SRYR (including all sub-regions) from 2000 to 2014 was 214 

calculated to determine the overall situation of NPP and the results are illustrated in Fig.5. It could 215 

be found that annual fluctuation in the total amount of NPP is obvious during the study period, 216 

with a range of 8.28-14.06 TgC. Between 2000 and 2004, the total amount of NPP remained 217 

relatively steady, and the value for the entire area was 10.11±0.32 TgC. However, an obvious 218 

decreasing trend can be observed from 2005 to 2008. The lowest value of total NPP presented in 219 

2008, at only 8.28 TgC, which is 24.0% lower than the average annual total NPP. From 2008 to 220 

2010, total NPP in the SRYR had increased and reached the peak value of 14.06 TgC in 2010, 221 

with 29.0% higher than the multi-year average. Although total NPP decreased during 2011 to 2014, 222 

it was still higher than the average annual NPP from 2000 to 2014 by 3.7%. The total NPP had 223 

increased by 1.42TgC per year from 2000 to 2014. But the trend was not significant according to 224 

Mann-Kendall test (|Z|=1.533<1.96). 225 

[Figure 5] 226 

Fig.5 Changes in annual NPP in the SRYR* 227 

*Note: Sub-region I to V represent Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and Downstream, 228 
respectively. 229 

 230 



The change rate of NPP and trend significance level was analyzed by regression statistics and 231 

Mann-Kendall test cell by cell from the year 2000 to 2014 (Fig.6). The total NPP in most SRYR 232 

increased during the study period, with the change rate increasing from the west to the east. 233 

Although the overall increase trend of NPP was not significant across SRYR, a significant regional 234 

NPP change trend was shown mainly in Tuotuo River Basin, Dam River Basin and upper reaches 235 

of Qumar River Basin. Areas with |Z|>1.96 (significant at p>0.05) accounted for about 56.5%, 236 

45.1% and 26.2% of Tuotuo River Basin, Dam River Basin and Qumar River Basin respectively. 237 

For the entire SRYR, area with significant increase trend accounted for 27.6% of the total area, 238 

while area with significant decrease trend accounted for only 0.12% of the total area. 239 

[Figure 6] 240 

Fig.6 Spatial trends of NPP in SRYR. The small inset map in Fig. 6 shows that the spatial pattern of trend 241 

significance levels marked by “p”. The region filled in white is non-significant at p>0.05. 242 

4.3 Spatial-temporal variation in soil water deficit and accumulated temperature across the 243 

SRYR 244 

The average annual soil water deficit in the SRYR over the period 2000 to 2014 is 306.4 mm, 245 

accounting for 71.0% of average annual precipitation. There was little inter-annual variability in 246 

soil water deficit from 2000 to 2004, and the value for the entire area was 270.3±9.9mm. However, 247 

the inter-annual change in soil water deficit has been increasing since 2005. Annual soil water 248 

deficit during 2005 to 2014 was 320.3±97.4 mm, which has increased by 14.3% compared with 249 

the average value during 2000 to 2004. From 2000 to 2014, the average annual soil water deficit 250 

in the SRYR showed an increasing trend with a rate of 5.98mm/a and this trend was statistical 251 

significant at α = 0.1 level (|Z|=1.928>1.645) (Fig.7(a)). As indicated in the spatial trend 252 

distribution map (Fig.8(a)), the positive soil water deficit changes can be found in most parts of 253 

the SRYR (accounting for 99.6% of the area). The increase trend grew more severe in the easterly 254 

direction and a remarkable increase occurred in middle and lower reaches of the SRYR, with 255 

increase rate up to 6 mm/a. 256 

The average annual accumulated temperature in the SRYR was 720.7°C from 2000 to 2014. 257 

The inter-annual accumulated temperature variability displayed a similar trend to that of the soil 258 

water deficit. Before 2005, the average annual accumulated temperature in the SRYR was 684.5±259 

23.8°C and showed a slight decrease trend. After 2005, the average annual accumulated 260 

temperature increased significantly, with the mean value of 739.5±103.3°C. The average annual 261 

soil water deficit during 2005-2014 increased by 55.0°C compared with that from 2000 to 2004. 262 

During the study period, the annual accumulated temperature generally exhibited an increasing 263 

trend, and it increased at a rate of 6.05°C per year on average. This increase trend was also 264 

statistical significant at α = 0.1 level (|Z|=1.829>1.645) (Fig.7(b)). From the perspective of the 265 

pattern of change, accumulated temperature increased overall during the study period. The regions 266 

where the annual accumulated temperature increased by 2 to 4°C/a, 4 to 6°C/a, 6 to 8°C/a and 8 to 267 

10°C/a accounted for 12.7%, 37.8%, 35.4% and 14.1% of the entire SRYR respectively. The 268 

increase trend grew more severe towards the southeast. The region with a significant increase 269 



accounted for 19.7% of the total area and mainly distributed in the downstream of the 270 

SRYR(Fig.8(b)). 271 

[Figure 7] 272 

Fig.7 Changes in annual effective precipitation (a) and accumulated temperature (b) in the SRYR 273 

[Figure 8] 274 

Fig.8 Spatial trends of soil water deficit and accumulated temperature in SRYR. The small inset map in Fig. 275 

8 shows that the spatial pattern of trend significance levels marked by “p”. The region filled in white is 276 

non-significant at p>0.05. 277 

4.4 Correlations between NPP and soil water deficit / accumulated temperature 278 

Scatter plots of NPP and hydrothermal conditions for five sub-regions and the whole SRYR 279 

were computed and fitted onto the regression curve, as shown in Fig. 9 and 10. It was apparent 280 

that the NPP of one specific year has obvious relationship with the accumulated temperature of the 281 

same year and the soil water deficit of the last year. Correlation coefficients revealed the highest 282 

correlation of NPP and soil water deficit at 1-year lag in the middle stream of SRYR (R=0.813) 283 

and lowest correlation in Tuotuo River Basin (R =0.545). The accumulated temperature had a 284 

higher correlation with NPP than soil water deficit at 1-year lag. Correlation coefficients between 285 

NPP and accumulated temperature were higher than 0.85 in all the sub-regions. It could be 286 

concluded that both water condition and temperature were dominating factors for the greenness 287 

trend of the vegetation, but temperature was more important than water condition. 288 

[Figure 9] 289 

Fig.9 Correlation between NPP and soil water deficit: (a) Tuotuo River Basin; (b) Dam River Basin;(c) 290 

Qumar River Basin;(d) Middle stream; (e) Downstream and (f) SRYR 291 

 292 

[Figure 10] 293 

Fig.10 Correlation between NPP and accumulated temperature: (a) Tuotuo River Basin; (b) Dam River 294 
Basin; (c) Qumar River Basin; (d) Middle stream; (e) Downstream and (f) SRYR 295 

The correlation coefficient between NPP and soil water deficit / accumulated temperature for 296 

each cell is presented in Fig.11.The region where NPP is positively correlated with the soil water 297 

deficit and accumulated temperature accounts for 99.74% and 99.98% of the entire SRYR, in 298 

other words, the influence of hydrothermal conditions on NPP is positive in nearly all regions of 299 

the SRYR. The region showing a significant positive correlation between NPP and soil water 300 

deficit (RNPP vs. SD≥0.5) accounts for 71.8% of the entire SRYR, mainly located in Middle and 301 

downstream of the SRYR. The region exhibiting a significant positive correlation with 302 

accumulated temperature (RNPP vs. AT0≥0.5) accounts for 98.1% of the entire SRYR. 303 

[Figure 11] 304 

Fig.11 Correlation Coefficient between NPP and soil water deficit (a) / accumulated temperature (b) 305 

4.5 Sensitivity analysis of the NPP to hydrothermal conditions  306 

Based on the soil water deficit, accumulated temperature and NPP from 2000 to 2014, the 307 

response models of the NPP to soil water deficit / accumulated temperature in each sub-region 308 

and the entire SRYR, as well as α, β and γ in the models and coefficients (R) can be obtained by 309 



using a statistical software (Table 2). From Table 2 we can find that multiple correlation 310 

coefficients between the NPP and soil water deficit (SD) and accumulated temperature (AT0) in 311 

Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and the whole SRYR 312 

are higher than 0.8 except the Downstream (R=0.774). In addition, the significance level test 313 

values (Sig F) of five sub-regions and the entire SRYR are less than 0.01. This illustrates that the 314 

linear models have passed the significance test of α=0.01 and can be used for sensitivity analysis. 315 

Table 2 Response model of NPP to soil water deficit / accumulated temperature in five sub-regions and the 316 
entire SRYR 317 

[Table 2] 318 

The sensitivity analysis derives eight different hydrographs for changes in precipitation (from 319 

-20% to +20% with a step of 5%) and six different hydrographs for changes in temperature (from 320 

-3°C to +3°C with a step of 1.0°C). The hydrographs were used to calculate the duration curves of 321 

soil water deficit and accumulated temperature. The relation between simulated changes in 322 

precipitation/temperature and soil water deficit/accumulated temperature are shown as Fig.12. The 323 

six lines show the effect of precipitation/temperature changes on average soil water 324 

deficit/accumulated temperature in five sub-basins and the entire SRYR. It can be seen that a 10% 325 

change in precipitation results in a 15.8% change in soil water deficit across the SRYR (dashed 326 

black line in Fig.12(a)). In the warmer climatic scenarios, land-surface evaporation as well as 327 

accumulated temperature increase, leading to less soil water deficit. The resulting slope indicates 328 

that a 1°C increase in temperature corresponds to a decrease of 4.1% in soil water deficit and an 329 

increase of 143.4°C in accumulated temperature (dashed black lines in Fig.12(b) and Fig.12(c)).  330 

  331 

[Figure 12] 332 

Fig.12 Sensitivity on soil water deficit/ accumulated temperature due to precipitation and temperature 333 
change in the SRYR: (a) soil water deficit affected by precipitation change; (b) soil water deficit affected by 334 
temperature change; (c) accumulated temperature affected by temperature change 335 

Using the response models in Table 1 and the soil water deficit / accumulated temperature 336 

simulated in hypothetical climatic scenarios, the change of NPP for different sub-regions and the 337 

entire SRYR can be calculated (Fig.13). It can be found that NPP in middle stream of the SRYR 338 

and Dam River Basin are more sensitive to precipitation. For a 10% increase in precipitation, the 339 

NPP in middle stream of the SRYR and Dam River Basin increase by 5.2% (0.098 TgC) and 5.0% 340 

(0.139 TgC) respectively. While NPP in Tuotuo River Basin is more sensitive to temperature 341 

change. A 1°C increase of temperature leads to a 29.7% (0.194 TgC) increase of NPP. For the 342 

entire SRYR, the NPP increases by 4.7% (0.517 TgC) if the precipitation increased by 10%, and a 343 

1°C increase of temperature results in a 20.6% (2.251 TgC) increase of NPP. 344 

[Figure 13] 345 

Fig.13 Sensitivity on NPP due to precipitation and temperature change in the SRYR 346 

5. Discussion 347 



5.1 What about the impact of human activities on the NPP in the SRYR? 348 

The NPP series used for regression analysis in Section 4.4 and 4.5 was derived from 349 

MOD17A3 product, namely actual NPP (ANPP). Both climate change and human activities would 350 

affect the value of ANPP. However, according to the results in Section 4.4 and 4.5, the actual NPP 351 

was highly correlated with climatic variables. We can conclude that climate change is dominant 352 

factor impacting vegetation growth in the SRYR while the effect coming from human activities is 353 

much less. In order to demonstrate these results, another two other types of NPP, namely potential 354 

NPP (PNPP) and human activity-related NPP or NPP loss (HNPP) have been introduced. With the 355 

Miami Model (Lieth et al.,1972), a simple conceptual model that links NPP to annual mean 356 

temperature and annual precipitation, the PNPP can be estimated. Then, the HNPP can be obtained 357 

by PNPP minus ANPP (Zhou et al.,2015; Teng et al., 2020). According to the identification 358 

method provided by Zhou et al. (2015), the spatial distribution of different driving forces of 359 

changes in NPP from 2001 to 2014 in the SRYR can be obtained (Fig.14). It can be concluded that 360 

climate variations over time led to ANPP increasing in most of the SRYR. Climate variations 361 

independently accounted for ANPP increases in 95.7% of the SRYR (blue area in Fig.14). The 362 

human activities are responsible for the decrease of ANPP. About 2.3% of the SRYR show 363 

decreasing ANPP trends owning to human activities (red area in Fig.14). Besides, about 1.9% of 364 

the SRYR shows increasing ANPP trends owing to combined impact of climate change and human 365 

activities (yellow area in Fig.14). This kind of area is mainly located in the downstream of the 366 

SRYR. The grassland was restored and vegetation NPP increased because of some effective 367 

conservation programs, such as Grain for Green Program, Grazing Withdrawal Program.  368 

 369 

[Figure 14] 370 

Fig. 14. Spatial distribution of different driving forces of changes in NPP from 2000 to 2014 in the SRYR 371 

5.2 Warming, wetting and greening SRYR: is that a good thing? 372 

Increases in accumulated temperature, soil water deficit and NPP over the SRYR during 2000 373 

to 2014 were identified in this study, indicating a warming, wetting and greening SRYR in recent 374 

decade. In fact, these changes were not limited to the SRYR but across the Tibetan Plateau (Yang 375 

et al., 2011; Haynes et al., 2014; Zhang, et al., 2017). And these trends were projected to be 376 

continued under future climate change (Gao et al. 2016; Lamsal et al., 2017; Yuan et al., 2019a). 377 

In addition, many previous studies found that the temperature was the dominant climate factor 378 

impacting vegetation growth in the alpine region (Li et al., 2013; Yuan et al., 2019b). The increase 379 

of temperature in the alpine region leaded to advanced start of growth season and delayed end of 380 

growth season. And the length of growing season prolonged as well. Accordingly, NPP of alpine 381 

vegetation also substantially increased (Ding, et al., 2013; Wang et al,2017).  382 

The greening SRYR means carbon sink of vegetation has been increasing. It will help to 383 

mitigate and adapt to the climate change. However, substantial organic carbon has been stored in 384 

the frozen soil of the SRYR. As the temperature increasing, the freezing duration would be 385 

shortened. It should have exacerbated the release of soil carbon and increased the carbon source of 386 

frozen soil (Peng et al., 2015; Jiang et al., 2019). Thus, the combination of positive effect and 387 



negative one mentioned above may make the fate of carbon balance more complicated in the 388 

future. Besides, the alpine region is vulnerable to climate changes because the biodiversity can be 389 

changed drastically in altitudinal gradients (Beniston, 2003; Kammer et al., 2007). The tree line, 390 

one of the most conspicuous vegetation boundaries (Körner, 1998; Holtmeier, 2009), was expected 391 

shift to higher latitudes in warmer climate condition not only in the SRYR or Tibetan Plateau, but 392 

also in other high mountain areas (Leonelli et al., 2011; Liang et al.,2012; Gaire et al., 2014; Liang 393 

et al.,2016). As a consequence, the suitable area for alpine shrub and meadow would be reduced, 394 

leading to an increase of population density and competition. The risk of extinction for endemic 395 

species in high mountain areas would increase along with it. 396 

6. Conclusion 397 

In this study, the effects of hydrothermal conditions on the Net Primary Productivity (NPP) in 398 

the Source Region of Yangtze River (SRYR) were analyzed. According to the remote sensing data 399 

and meteorological data, the spatial-temporal variations of NPP, water conditions (soil water 400 

deficit) and thermal conditions (≥ 0 ° C accumulated temperature) were identified. Then 401 

correlations between NPP and hydrothermal conditions, and sensitivity of NPP to climate change 402 

were investigated. The primary conclusions are as follows: 403 

(1) The NPP of SRYR is characterized by significant spatial differences, higher values in the 404 

east and lower values in the west, showing an average value of 85.2 gC/m2 from 2000 to 2014 405 

over the region as a whole. Elevation is an important role in the spatial differentiation of NPP with 406 

a dividing line of approximately 5000 m. Below this line, the NPP is susceptible to elevation 407 

increase, whereas above the line, the NPP is less susceptible to changes in elevation. 408 

(2) The annual total NPP across the NPP ranges from 8.28 to 14.06 TgC and shows an 409 

increase trend with some fluctuation during 2001 to 2014. In general, the areas where the NPP 410 

having significant increase and decrease trends account for 27.6% and 0.12% of the total area, 411 

respectively. The NPP changes fastest in the Downstream region, followed by middle stream 412 

region and Dam River Basin. 413 

(3) The annual soil water deficit ranges from 222.9 to 417.7 mm with an average value of 414 

306.4 mm, and the annual accumulated temperature ranges from 636.3 to 842.8°C with an average 415 

value of 720.7°C in the SRYR. Both of them show an overall increasing trend with some 416 

fluctuation from 2000 to 2014. 417 

(4) On an inter-annual level, the NPP of one specific year (NPPi) has obvious relationship 418 

with the accumulated temperature of the same year (AT0i) and the soil water deficit of the last year 419 

(SDi-1). The region where NPP is positively and significantly correlated with the soil water deficit 420 

and accumulated temperature accounts for 71.8% and 98.1% of the entire SRYR. The NPP is 421 

much more correlated with accumulated temperature than with soil water deficit. The temperature 422 

is the dominant climate factor impacting vegetation growth in the SRYR. 423 

(5) The NPP in SRYR is more sensitive to changes in temperature than changes in 424 

precipitation. It is shown that the NPP increases 0.194 TgC (nearly 30%) with every 1-°C increase 425 

in annual mean temperature. While a 10% increase in annual precipitation corresponds to an 426 

increase in NPP by 0.517 TgC (nearly 5%). 427 
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Table 604 

Table 1 Runoff coefficients for different slopes 605 

Slope 0 to 5° 0 to 10° 10 to 15° 15 to 20° 20 to 25° >25° 

Runoff coefficient (α) 0 0.04 0.12 0.2 0.27 0.35 

 606 

Table 2 Response model of NPP to soil water deficit / accumulated temperature in five sub-regions and the 607 

entire SRYR 608 

Region Response models R Significance F 

Tuotuo River Basin NPPi=0.0003×SDi-1+0.0015×AT0i -0.3379 0.817 1.22E-05 

Dam River Basin NPPi=0.0018×SD i-1+0.0034×AT0i -0.9506 0.827 6.53E-05 

Qumar River Basin NPPi=0.0008×SD i-1+0.0016×AT0i -0.3097 0.847 3.27E-05 

Middle stream NPPi=0.0031×SD i-1+0.0035×AT0i -0.8395 0.822 3.05E-05 

Downstream NPPi=0.0025×SD i-1+0.0072×AT0i -2.0869 0.774 2.79E-04 

SRYR NPPi=0.0108×SD i-1+0.0166×AT0i -4.3313 0.849 1.22E-05 

 609 

Figure 610 



 611 

Fig.1 The location of Source Region of Yangtze River (SRYR) 612 

 613 

Fig.2 The spatial distribution of multi-year average NPP 614 

 615 

Fig.3 Average NPP in different elevation 616 
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 617 

Fig.4 Area percentages of regions with different grades in average annual NPP* 618 

*Note: Sub-region I to V represent Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and Downstream, 619 
respectively. 620 

 621 

Fig.5 Changes in annual NPP in the SRYR* 622 

*Note: Sub-region I to V represent Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and Downstream, 623 
respectively. 624 

 625 

Fig.6 Spatial trends of NPP in SRYR. The small inset map in Fig. 6 shows that the spatial pattern of trend 626 

significance levels marked by “p”. The region filled in white is non-significant at p>0.05. 627 
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 628 

Fig.7 Changes in annual effective precipitation (a) and accumulated temperature (b) in the SRYR 629 

 630 

Fig.8 Spatial trends of soil water deficit and accumulated temperature in SRYR. The small inset map in Fig. 631 

8 shows that the spatial pattern of trend significance levels marked by “p”. The region filled in white is 632 

non-significant at p>0.05. 633 

 634 

 635 
Fig.9 Correlation between NPP and soil water deficit: (a) Tuotuo River Basin; (b) Dam River Basin;(c) 636 

Qumar River Basin;(d) Middle stream; (e) Downstream and (f) SRYR 637 
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 638 
Fig.10 Correlation between NPP and accumulated temperature: (a) Tuotuo River Basin; (b) Dam River 639 

Basin; (c) Qumar River Basin; (d) Middle stream; (e) Downstream and (f) SRYR 640 

 641 

Fig.11 Correlation Coefficient between NPP and soil water deficit (a) / accumulated temperature (b) 642 
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  645 

Fig.12 Sensitivity on soil water deficit/ accumulated temperature due to precipitation and temperature 646 

change in the SRYR: (a) soil water deficit affected by precipitation change; (b) soil water deficit affected by 647 
temperature change; (c) accumulated temperature affected by temperature change 648 

 649 

Fig.13 Sensitivity on NPP due to precipitation and temperature change in the SRYR 650 

 651 
Fig. 14. Spatial distribution of different driving forces of changes in NPP from 2000 to 2014 in the SRYR 652 

-40

-20

0

20

40

-30 -15 0 15 30

△
S

D
(%

)

△P(%)

(a)

Tuotuo River Basin Dam River Basin

Qumar River Basin Middle stream

Downstream SRYR

-20

-10

0

10

20

-3.0 -1.5 0.0 1.5 3.0

△
S

D
(%

)

△T(°C)

(b)

Tuotuo River Basin Dam River Basin

Qumar River Basin Middle stream

Downstream SRYR

-600

-300

0

300

600

-3.0 -1.5 0.0 1.5 3.0

△
A

T
0
(°

C
)

△T(°C)

(c)

Tuotuo River Basin Dam River Basin

Qumar River Basin Middle stream

Downstream SRYR

-12

-6

0

6

12

-20 -10 0 10 20

△
N

P
P

(%
)

△P(%)

(a)

Tuotuo River Basin Dam River Basin

Qumar River Basin Middle stream

Downstream SRYR

-120

-60

0

60

120

-3.0 -1.5 0.0 1.5 3.0

△
N

P
P

(%
)

△T(°C)

(b)

Tuotuo River Basin Dam River Basin

Qumar River Basin Middle stream

Downstream SRYR



Figures

Figure 1

Runoff coe�cients for different slopes. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

The spatial distribution of multi-year average NP. Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Average NPP in different elevation

Figure 4

Area percentages of regions with different grades in average annual NPP* *Note: Sub-region I to V
represent Tuotuo River Basin, Dam River Basin, Qumar River Basin, Middle stream and Downstream,
respectively.



Figure 5

Changes in annual NPP in the SRYR* *Note: Sub-region I to V represent Tuotuo River Basin, Dam River
Basin, Qumar River Basin, Middle stream and Downstream, respectively.



Figure 6

Spatial trends of NPP in SRYR. The small inset map in Fig. 6 shows that the spatial pattern of trend
signi�cance levels marked by “p”. The region �lled in white is non-signi�cant at p>0.05. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 7

Changes in annual effective precipitation (a) and accumulated temperature (b) in the SRYR



Figure 8

Spatial trends of soil water de�cit and accumulated temperature in SRYR. The small inset map in Fig. 8
shows that the spatial pattern of trend signi�cance levels marked by “p”. The region �lled in white is non-
signi�cant at p>0.05. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the



legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 9

Correlation between NPP and soil water de�cit: (a) Tuotuo River Basin; (b) Dam River Basin;(c) Qumar
River Basin;(d) Middle stream; (e) Downstream and (f) SRYR



Figure 10

Correlation between NPP and accumulated temperature: (a) Tuotuo River Basin; (b) Dam River Basin; (c)
Qumar River Basin; (d) Middle stream; (e) Downstream and (f) SRYR



Figure 11

Correlation Coe�cient between NPP and soil water de�cit (a) / accumulated temperature (b). Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 12



Sensitivity on soil water de�cit/ accumulated temperature due to precipitation and temperature change in
the SRYR: (a) soil water de�cit affected by precipitation change; (b) soil water de�cit affected by
temperature change; (c) accumulated temperature affected by temperature change

Figure 13

Sensitivity on NPP due to precipitation and temperature change in the SRYR



Figure 14

Spatial distribution of different driving forces of changes in NPP from 2000 to 2014 in the SRYR. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.


	Effects of Hydrothermal Conditions on the Net Primary Productivity in the Source Region of Yangtze River, China
	1. Introduction
	2. Study area and data
	2.1 Study area
	2.2 Datasets
	2.2.1 Remote sensing data
	2.2.2 Meteorological data


	3. Methodology
	3.1 Calculation of soil water deficit and accumulated temperature
	3.1.1 Soil water deficit
	3.1.2 Accumulated temperature

	3.2 Trend and correlation analysis
	3.2.1 Linear regression and the slope
	3.2.2 Mann-Kendall trend test
	3.2.3 Correlation coefficient

	3.3 Response model of NPP to hydrothermal conditions and sensitivity analysis
	3.3.1 Response model built by multiple linear regressions
	3.3.2 Sensitivity analysis of the NPP to precipitation and temperature


	4. Results
	4.1 Distribution of NPP across the SRYR
	4.2 Spatial-temporal variation of NPP across the SRYR
	4.3 Spatial-temporal variation in soil water deficit and accumulated temperature across the SRYR
	4.4 Correlations between NPP and soil water deficit / accumulated temperature
	4.5 Sensitivity analysis of the NPP to hydrothermal conditions

	5. Discussion
	5.1 What about the impact of human activities on the NPP in the SRYR?
	5.2 Warming, wetting and greening SRYR: is that a good thing?

	6. Conclusion
	Ethics approval and consent to participate
	Consent for publication
	Availability of supporting data
	Competing interests
	Funding
	Authors' contributions
	Acknowledgements
	Authors' information
	Reference
	Table
	Figure

