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Abstract: Grasslands in the Tibetan Plateau are claimed to be sensitive and vulnerable to climate
change and anthropogenic activities. Quantifying the impacts of climate change and anthropogenic
activities on grassland growth is an essential step for developing sustainable grassland ecosystem
management strategies under the background of climate change and increasing anthropogenic
activities occurring in the plateau. Net primary productivity (NPP) is one of the key components
in the carbon cycle of terrestrial ecosystems, and can serve an important role in the assessment of
vegetation growth. In this study, a modified Carnegie-Ames—Stanford Approach (CASA) model,
which considers remote sensing information for the estimation of the water stress coefficient and
time-lag effects of climatic factors on NPP simulation, was applied to simulate NPP in the Tibetan
Plateau from 2001 to 2015. Then, the spatiotemporal variations of NPP and its correlation with
climatic factors and anthropogenic activities were analyzed. The results showed that the mean
values of NPP were 0.18 kg-C-m~2-a~! and 0.16 kg-C-m~2-a~! for the original CASA model and
modified CASA model, respectively. The modified CASA model performed well in estimating
NPP compared with field-observed data, with root mean square error (RMSE) and mean absolute
error (MAE) of 0.13 kg-C-m~2-a~! and 0.10 kg-C-m~2-a~!, respectively. Relative RMSE and MAE
decreased by 45.8% and 44.4%, respectively, compared to the original CASA model. The variation of
NPP showed gradients decreasing from southeast to northwest spatially, and displayed an overall
decreasing trend for the study area temporally, with a mean value of —0.02 x 1072 kg-C-m~2.a~!
due to climate change and increasing anthropogenic activities (i.e., land use and land cover change).
Generally, 54% and 89% of the total pixels displayed a negative relationship between NPP and mean
annual temperature, as well as annual cumulative precipitation, respectively, with average values
of —0.0003 (kg-:C-m~2 a~!)/°C and —0.254 (g:C-m~2-a~!)/mm for mean annual temperature and
annual cumulative precipitation, respectively. Additionally, about 68% of the total pixels displayed
a positive relationship between annual cumulative solar radiation and NPP, with a mean value of
0.038 (g-C-m~2-a~1)/(MJ m~2). Anthropogenic activities had a negative effect on NPP variation,
and it was larger than that of climate change, implying that human intervention plays a critical role
in mitigating the degenerating ecosystem. In terms of human intervention, ecological destruction
has a significantly negative effect on the NPP trend, and the absolute value was larger than that
of ecological restoration, which has a significantly positive effect on NPP the trend. Our results
indicate that ecological destruction should be paid more attention, and ecological restoration should
be conducted to mitigate the overall decreasing trend of NPP in the plateau.
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1. Introduction

Net primary productivity (NPP) is the amount of net accumulation of organic matter by plants in
a given period [1]. It is a critical component in a terrestrial ecosystem’s carbon cycle [2], and serves as a
sensitive indicator of an ecosystem’s health and ecological balance at both the local and global scale [3].
Quantitative estimates of NPP are, therefore, critical for the assessment of carbon sequestration
and ecological behavior, and for further understanding the changes in ecosystem function and
structure [4,5].

Many previous studies have been conducted to simulate NPP at both the local and global scale
through field measurements [6,7], the eddy covariance technique [8], and remote sensing [9,10].
However, field observation is time- and labor-consuming, and the measurements are usually
dependent on the type of plant [11]. The eddy covariance technique currently seems to be the
best way to estimate water, carbon, and energy exchange between terrestrial ecosystems and the
atmosphere [12]. Unfortunately, the spatial coverage of this approach is limited [13] and the
measurements vary with canopy characteristics, tower height, and wind velocity [8]. Remote sensing
techniques provide a powerful and integrative tool for simulating vegetation NPP to obtain explicit
and detailed information about carbon exchange at a larger spatial scale [11], and they have been
applied widely [10,14,15]. Numerous remote sensing-based models for simulating NPP, such as the
process-based Boreal Ecosystem Productivity Simulator (BEPS) model [16], the global production
efficiency model (GLOPEM) [17], and the Carnegie—Ames—Stanford Approach (CASA) model [18],
have been explored in recent decades. However, previous studies revealed that these models had a lot
of uncertainties when they were applied in certain specific ecoregions (i.e., semi-arid region) [4,19].
Additionally, previous studies revealed that a time-lag effect of climatic factors exist that would
affect vegetation growth [20,21], but these models were neglected. Moreover, the calculation of
water stress coefficient in the widely-used CASA model was complex and needed numerous soil
parameters, and usually these soil parameters are difficult to obtain in a larger area with high elevation,
thus restricted the application of the CASA model. Therefore, improving and/or adjusting the input
parameters for NPP estimate models in specific ecoregions is imperative and urgent [4]. Additionally,
climate change will affect ecological, physiological, and other processes (i.e., biophysical) of species
in ecosystems [22,23], and then will affect ecosystem productivity [24]. The study on the relationship
between NPP and climatic factors in the Tibetan Plateau have been explored widely [9-11]. However,
these studies are mostly based on an ordinary linear regression model and ignore the multicollinearity
among climatic variables. In addition, the relative contribution of each climate variable to NPP is still
far from clear. Moreover, early studies have illustrated that anthropogenic activities (i.e., land use and
land cover change) and climate change are the two main factors that regulate a terrestrial ecosystem’s
carbon cycle [25,26]. However, it is currently difficult to effectively separate them [27].

As a sensitive and fragile ecological environment, the Tibetan Plateau serves as an important
ecological barrier (i.e., biodiversity, climate, and water cycle) in China [28,29] and plays a critical
role in regulating water resources and climate change both in East Asia and worldwide [29,30].
Additionally, vegetation growth in the plateau has great effects on the ecological environment of
China and East Asia [31]. However, it is widely acknowledged that the environmental conditions
in the plateau have changed significantly in the last century [32,33], with the increasing impacts of
anthropogenic activities such as agriculture, urbanization, and unsustainable logging practices [34].
All these changes result in a degradation of vegetation in the plateau [35,36], which would in turn
threaten the livelihood that depends on the plateau’s resources and environment, affect biological
geochemistry circulation and ecosystem services, and even threaten the ecological security of China
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and South Asia [29]. Due to the degradation of vegetation caused by climate change and/or
increasing anthropogenic activities such as urbanization and unsustainable logging [28], the studies
on vegetation growth in the plateau have attracted considerable attention [5,11,27]. NPP, which can
act as an important indicator in the assessment of vegetation growth, has been widely used to reflect
the growth of vegetation, and the variation of NPP and its correlation with climatic factors and
anthropogenic activities in the plateau have also been widely studied [5,27,37]. However, due to
the high elevation and inaccessibility, long time series observations of NPP in the plateau by field
measurements based on harvest biomass or the eddy covariance technique have been limited. Most
studies on the variation of NPP and its correlation with climatic factors in the plateau were based on
remotely-sensed models [5,37]. However, the directions and amplitudes of NPP variation in the plateau
were diverse. For instance, Xu [38] observed that the trend of NPP was significantly positive from
2000 to 2012 (1.15 g~C-m’2~a’1), while Wang [10] showed that the trend was negative from 2000 to 2012
(—0.16 Tg-C-a~1). Moreover, climate change and anthropogenic activities are the two main factors that
drive the variation of NPP [25,26]. In terms of climatic factors, such as temperature and precipitation,
their relative importance on NPP variation in the plateau is unclear. Furthermore, anthropogenic
activities, such as transportation construction, overgrazing, urbanization, and afforestation in the
plateau, have a profound impact on the variation of NPP. Unfortunately, the knowledge on the relative
contribution of these anthropogenic activities to NPP variation is limited. Therefore, it is necessary to
improve our understanding of the relative contributions of climatic factors and anthropogenic activities
to the variation of NPP in the plateau. However, only a few studies have attempted to quantify the
isolated effects of climatic factors and anthropogenic activities on NPP variation in the Tibetan Plateau
simultaneously [27]. Moreover, regarding anthropogenic activities, it is essential to separate the
effects of ecological restoration (i.e., afforestation) and ecological destruction (i.e., deforestation) on the
variation of NPP in the plateau. Due to the importance of vegetation growth and the study limitations
mentioned above, the Tibetan Plateau is an ideal place to explore the relationship between vegetative
growth and related driving forces (e.g., climate change) [21].

Due to ignorance of the time-lag effect of climatic factors in the CASA model, and the
uncertainness of the CASA model applied in certain specific ecoregions mentioned above, as well
as the numerous soil parameters needed for the complex calculation of potential and estimated
evapotranspiration to estimate the water stress coefficient in the CASA model, the aim of this study is
to apply a modified CASA model—which considers time-lag effects of the climatic factors and remote
sensing information, which were easy to obtain with large spatial and temporal scales, included in the
estimation of the water stress coefficient—to estimate NPP over the Tibetan Plateau during 2001-2015,
and to explore the spatiotemporal variations of NPP. Furthermore, the relative contributions of climatic
factors to NPP variation, along with the isolated effects of climate change and anthropogenic activities,
were analyzed. The purpose of this study is to provide an improved CASA model for simulating
vegetation NPP in the Tibetan Plateau, with the hope that it can be reproduced and used as a method
to differentiate the combined effects of anthropogenic activities and climate change on NPP variation.
Additionally, our findings could provide a theoretical basis for sustainable utilization, ecosystem
management, and policy formulation related to the Tibetan Plateau.

2. Materials and Methods

2.1. Study Area

The Tibetan Plateau (26°00'12”-39°46'50”N, 73°18'52”-104°46'592”E), located in Western China
(Figure S1) and covering an area of approximately 2.5 million km? [39], is the highest and most
extensive highland in the world, with an average elevation exceeding 4 km above sea level, and is
called the “Third Pole” of the Earth [40]. According to long-term climatic records for 1961-2010,
the mean annual temperature in the plateau varies in the range from —2.2 °C to 0 °C, and the mean
annual precipitation varies between 415 and 512 mm [38]. The major land cover in the plateau includes
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forest, shrublands, grasslands, croplands, glaciers, and bare land, of which grassland is the major
land cover type in the plateau, accounting for more than 55% of the total area [38]. Stations records
show that most of the plateau has experienced statistically significant warming since the mid-1950s,
while precipitation has been variable from region to region, with the southeast of the plateau receiving
more precipitation and the northwest becoming drier during the last 40 years [34]. Additionally,
the effect of anthropogenic activities, such as land cover changes, deforestation and afforestation,
population increase, transportation construction, and tourism on vegetation growth in the plateau is
increasing [27].

2.2. Dataset and Data Processing

2.2.1. Remote Sensing Data

Enhanced vegetation index (EVI) values from 2001 to 2015 were calculated on the basis of the
Moderate Resolution Imaging Spectroradiometer (MODIS) Nadir Bidirectional reflectance distribution
function Adjusted Reflectance (NBAR) product (MCD43A4, version 6). The spatial and temporal
resolution of this product are 500 m and daily, respectively. The daily EVI was calculated and the
Bidirectional Reflectance Distribution Function (BRDF) albedo quality flag (MCD43A2, version 6) was
referenced to exclude pixels contaminated by snow or ice [41]. Monthly EVI was generated by using the
maximum value composite (MVC) method [42]. Then, pixels with an EVI less than 0.1 were excluded.

2.2.2. Climate Data

Monthly mean temperature, monthly cumulated precipitation, and monthly cumulated solar
radiation from 2001-2015 were downloaded from the China Meteorological Data Sharing Service
System. The dataset has been verified by China’s Meteorological Information Center (located in
Beijing) to exclude missing and false data [43]. Climate data were interpolated using the kriging
spatial interpolation method, with a spatial resolution of 500 m across the study area. Although some
uncertainty may be generated due to the limited meteorological stations, the kriging method is also
regarded as a better method, with a lower bias than other interpolation methods [44].

2.2.3. Land Cover Data

The Global Land Cover 2000 (GLC-2000; Figure S2) dataset was applied to recognize land cover
types in the Tibetan Plateau. This dataset, with a spatial resolution of 1 km, was generated by daily S1
data (from the SPOT-4 satellite) based on different classification methods, and local expert knowledge
was considered to improve data accuracy [45]. Additionally, the dataset was independent from the
MODIS dataset [43]. Since the MODIS land cover data were calculated with MODIS EVI, they could
be less independent when analyzing them together. The GLC-2000 data were aggregated to 500 m to
match the EVI data. However, the land cover changes, which may bias our results, were not considered
in these categories when estimating NPP. Therefore, a change detection of land cover was applied
based on the MODIS land cover type (MCD12A1) from 2001 to 2015. Our results indicate that 86.25%
of grassland did not change, and 12.18% of grassland was transformed into built-up areas. Therefore,
we assumed that the overall effects of grassland change on NPP were less during the study period.

2.2.4. Anthropogenic Datasets

To identify the effects of different types of anthropogenic activities, such as ecological restoration
and ecological destruction, on the variation of NPP in the plateau, 30-m resolution land use/land cover
data for the years of 2000 and 2015 were obtained from [46]. The dataset was developed from sources
including Landsat TM/ETM remote sensing images, and generated by visual interpretation [47]. In this
study, ecological restoration was defined as areas that were non-vegetated in 2000 and transformed into
vegetated areas in 2015; similarly, ecological destruction was defined as areas vegetated in 2000 and
transformed into non-vegetated areas in 2015.
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2.3. Methods

2.3.1. NPP Estimation and Validation

The Carnegie—Ames-Stanford Approach (CASA) model (hereafter called the original CASA
model) was applied in this study to simulate NPP over the Tibetan Plateau from 2001 to 2015. The NPP
can be calculated as follows [18]:

NPP(x,t)= APAR(x,t) x &(x,t) (1)

where NPP(x,t) (g-C-m~?2) represents the vegetation NPP of pixel x in time t, APAR(x,t) is the
absorbed photosynthetically-active radiation (MJ-m~2), and e(x,t) (g-C-m]’l) shows the actual
light-use efficiency.

APAR(x,t) is determined by total solar radiation (SOL; MJ-m~2) and the fraction of
photosynthetically active radiation (FPAR), which is determined from the satellite-monitored vegetation
index (e.g., EVI). ¢(x, t) can be calculated as the combined effect of surrounding stressors from soil
moisture (W) and temperature (T7, Tz), as well as maximum light-use efficiency (€ax, g-C-m]'l),
and values of €, for different vegetation types were used based on a previous study [48]. Therefore,
the NPP can be calculated as follows:

NPP = SOL x FPAR x W x T; x Ty X €max X 0.5 @)

where Tj represents the effects of extreme low and high temperature on light-use efficiency, and T is
the light-use efficiency in the situations where temperature falls below or rises above the optimum
temperature when the vegetation index (EVI) reaches the maximum value throughout the year.

Previous studies have reported a time-lag effect between vegetation growth and climatic factors on
a monthly scale [20]. Therefore, a three-month time-lag effect of climatic factors on vegetation growth
according to previous studies [20,21] was considered in the CASA model (hereafter called the modified
CASA model). In addition, in the original CASA model, the stressors from soil moisture (W) are
usually calculated based on potential and estimated evapotranspiration, and usually determined from
a one-layer budget soil moisture model [14]. However, the model is complex and needs numerous soil
parameters, and usually these data are extracted with low spatial and temporal resolution. In addition,
soil parameter data are usually unavailable at a sufficiently detailed spatial scale [49], especially
for areas with high elevation. Furthermore, remote sensing information was not included in the
estimation of the parameter W, unlike the estimation of APAR and the temperature stress coefficient [14].
Such limitations introduced considerable uncertainty to the estimation of both the parameter W and
final NPP [4]. Therefore, the parameter W), was considered in the modified CASA model to replace
W according to previous studies [14,50]. The calculation of W, was based on remote-sensing data,
and the input parameter LSWI (land surface water index) is a representative parameter of leaf and
canopy, as well as of soil moisture [14], thus, W), could decrease the uncertainness of the calculation of
the moisture stress coefficient applied in the CASA model to some extent, when compared to W [14].
The calculation of Wp can be described as follows:

Pre 1+LSWI
W, = 0. 1— =W ) 4o,
p =02+ 5 X K 1+st1mﬂx> +05} ®)

where Pre and Pre;,,y represent monthly precipitation and annual maximum monthly precipitation,
respectively. LSWI is the land surface water index and can be calculated as:

Refz — R€f6

LSWI =
R€f2 + R€f6

(4)

where Ref, and Refq represent the reflectence in a given band of MCD43A4.
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Once the time-lag effect was considered and the parameter W was replaced by W), the modified
CASA model was applied without changing the estimation of other parameters in the original
CASA model.

After NPP was estimated based on the original and modified CASA models, field-observed
biomass data acquired from previously published studies encompassing the time range between
2001 and 2015 (Table S1) were used to evaluate the performance of the models. Similar to previous
studies [51,52], the biomass was converted to NPP based on the following Equations (5)—(7):

NPP;= NPPope + NPP,,140r ®)
NPPpope= Biogpope X 0.475 6)
NPP,yger = 0.25+NPPpppe % 0.0009 (g miz) X Bi0,,4er X 0.6 (7)

where NPP; is the NPP value at site i; NPP,;y,, and NPP,, 4., are the above- and under-ground NPP,
respectively; and Bio g, and Bio,, ., are the above- and underground biomass, respectively.

For several sites at which only above-ground biomass were acquired, a constant ratio of 6.575 for
underground biomass to above-ground biomass was assumed (a mean value of 5.26 and 7.89 for
meadow and desert steppe, respectively, proposed by Piao [53]. Then, the underground NPP was
calculated based on the equations mentioned above. After that, the corresponding years of converted
NPP (hereafter, field-observed NPP) and modeled NPP were compared. Due to difficulties determining
into which pixel a particular ground plot fell, as in previous studies [43,54], a mean value of nine
pixels (3 x 3) was applied to represent the modeled NPP. Then, the corresponding NPP values from
field observations and the model were compared, and the performance of the modeled results were
evaluated by two statistical indicators: mean absolute error (MAE) and root mean square error (RMSE);
the result with lower values of RMSE and MAE was considered better than the other, and finally
the better result was considered for the flow analysis. MAE and RMSE were calculated as follows
(Equations (8) and (9)):

1 .
MAE = — ;|NPP1- — NPPf| 8)
"  (NPP; — NPP}
RMSE = \/ = n; /) ©)

where NPP; and NPP; represent the estimated NPP and field-observed NPP at sample i, respectively;
and m is the sample size.

2.3.2. Trend Analysis

The trend of NPP was calculated based on the Mann-Kendall (M-K) method. This method
presents a monotonic trend, and independence and normality were not required [55]. Additionally,
approximately a normal distribution of the test statistic Z is satisfied when the sample size is greater
than 8 [55]; a negative Z value represents a decreasing trend, and vice versa. In addition, the significance
of NPP trends were tested at o = 0.05. Furthermore, the magnitude of change of NPP was calculated
based on the Theil-Sen median slope estimator, which is more appropriate to evaluate variable changes
in short and/or noisy time series [56]. The calculation of M-K and the Theil-Sen median slope were as
follows (see [57] for details):

p-1 p
S=Y ) sgn(x,—xm) (10)
m=1n=m+1

where p is the number of data points, x,, and x,, are the data values at times m and n (n > m), respectively,
and sgn(x, — x;) is the sign function:
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+1, ifxy—xu >0
sgn(xy — Xp) = 0, ifxp—xu=0 (11)
-1, ifx,—x, <0

The variance was calculated as:

p(p —1)(2p +5) = L) _y fun(fn — 1) (2fm +5)
18

Var(S) = (12)
where p is the number of data points, g is the number of tied groups, and f; denotes the number of
ties of extent m. A tied group is a set of sample data that have the same value.

The test statistic Z was calculated as follows (Equation (13)), and the trends were tested at « = 0.05:

S—1 :
T if $>0
Z= 0,ifS=0 (13)
Sl ifS<0

v/ Var(s)’

Additionally, the Theil-Sen median slope was calculated as Equation (14):

Bs = Median (%)fors:l, ..., N (14)

where x; and x,, are the data values at times k and m (k > m), respectively.

2.3.3. Relationship between Climatic Factors and NPP

Multicollinearity usually exists among climatic factors (i.e., temperature vs. solar radiation),
and bring errors into the predictions.To detect the extent to which a change in climatic factors affects
NPP under multiple climate drivers simultaneously, and to avoid multicollinearity among climatic
factors, a partial least squares (PLS) regression model-which encompasses the advantages of ordinary
least squares linear regression, canonical correlation analysis, and pricinpal component analysis [58],
and often gives improved prediction results coompared to the ordinary linear regression model [58,59]
was applied at the pixel level. An F-test and a bilateral ¢-test, respectively, were used to evaluate the
significance of the regression model and regression coefficients, with a significance level of 0.05.
Only the pixels with both the regression model and their corresponding coefficients significant
simultaneously were considered to calculate the sensitivity of NPP to climatic factors.

2.3.4. Isolated Effects of Climate Change and Anthropogenic Activities on Trends of NPP

The first difference (AVar = Var; 1 — Vary) method was used to explore the isolated effects of
climate change on NPP variation. This method is a common de-trending method for climate-yield
relationships, and it has been applied widely [60,61]. Firstly, the first difference values of variables
(e.g., NPP and climatic factors) were calculated, and then a partial least squares regression model,
as mentioned above was used to estimate the sensitivities of NPP to climatic factors. The regression
model was established as follows:

ANPP = Sentey X ATem + Senpre X APre + Sengy x ASol + int (15)

where ANPP denotes the first difference value of NPP; ATem, APre, and ASol represent the first difference
values of mean temperature, cumulative precipitation, and cumulative solar radiation, respectively; Sertten;,
Senpre, and Seng, represent the sensitivity of NPP to temperature (kg-C-m~2-a~! °C™!), precipitation
(kg~C-m’2~a’1 mm™!), and solar radiation (kg-C-m’2~a’1) /(MJ-m~2), respectively; and int is the
intercept of the partial least squares regression model.
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Therefore, the isolated impacts of climate change on NPP variation were calculated as follows:
ANPP; = Sentem X Tretem + Senpre X Trepre + Senygg X Treyqy (16)

where ANPP,; represents the trend of NPP impacted just by climate change; Treten, Trepre, and Tre,qq
represent the trends of mean temperature, cumulative precipitation, and cumulative solar radiation for
the corresponding period, respectively; and other parameters are defined as in Equation (15).

Based on the calculation above, the relative contribution from each climatic factor to the trend of
NPP can be calculated by Equation (17):

RC; = m % 100% (17)
where RC; represents the relative contribution of climatic factor i (e.g., temperature) to the trend of
NPP; Sen; represents the sensitivity of NPP to climatic factor i; Tre; represents the trend of climatic
factor i; and 7 is the number of climatic factors, with n = 3 in this study:.

The isolated impacts of anthropogenic activities on NPP were obtained indirectly, and can be
calculated as follows:

NPPaythro = NPPooyp — NPPy; (18)

where NPP,,;,,, represents the trend of NPP under the isolated impacts of anthropogenic activities;
NPP,,,;, represents the trend of NPP affected by anthropogenic activities and climate change combined,
and this value was calculated based on the modified CASA model in this study.

Notably, the isolated anthropogenic activities were based on the hypothesis that NPP variation
was impacted by climate change and anthropogenic activities; thus, when climate impact was removed,
the impacts of anthropogenic activities can be identified [62,63]. Therefore, the anthropogenic activities
mentioned above include all types of anthropogenic activities.

2.3.5. Ecological Restoration and Ecological Destruction Extraction

To identify the effect of different types of anthropogenic activities on NPP variation, ecological
restoration, and ecological destruction data were extracted. As in a previous study [64], pixels
labeled as non-vegetated (i.e., desert) in 2000 and as vegetated (i.e., grassland or forest) in 2015 at
the same location were selected, and then the selected pixels were aggregated to a 500 m resolution.
The ecological restoration data for each pixel were represented by the area fraction of conversion from
non-vegetated in 2000 to vegetated in 2015. The processing of ecological destruction data was similar,
but with pixels labeled as vegetated in 2000 and as non-vegetated in 2015. The ecological destruction
data for each pixel were represented by the area fraction of conversion from vegetated in 2000 to
non-vegetated in 2015.

All the calculations and analyses mentioned above were conducted in ARCGIS 10.3 (ESRI,
Redlands, CA, USA), ENVI 5.3 (Exelis Visual Information Solutions, Boulder, CO, USA), and MATLAB
R2017b (The Mathworks, Inc., Natick, MA, USA).

3. Results

3.1. Validation of NPP Estimation

NPP values obtained from field observations were applied to validate the results from the two
CASA models. The comparison (Figure 1) showed that very significant (p < 0.0001) correlations were
found between field-observed NPP and the two modeled NPP. In addition, the MAE and RMSE for the
original CASA model were 0.18 kg-C-m~2-a~! and 0.24 kg-C-m~2-a~!, respectively, which decreased to
0.10 kg-C-m~2-a~! and 0.13 kg-C-m~2-a~!, respectively, for the modified CASA model. Furthermore,
the relative RMSE and MAE decreased by more than 44% compared to the original CASA model.
Additionally, the R? value for the original CASA model was 0.44, which increased by 9.09% using
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the modified CASA model. Our results indicate that not only were the results of the modified CASA
model consistent with the values obtained from field observations, but the modified model performed
better than the original model. We, therefore, assume that the modified CASA model is an appropriate
estimator for grassland NPP over the Tibetan Plateau.
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Figure 1. Validation of net primary productivity (NPP) of field measurements, and NPP estimated
from (a) the original Carnegie—Ames—Stanford Approach (CASA) model, as well as (b) the modified
CASA model, between 2001 and 2015. Note that the 95% confidence intervals of slopes for the CASA
model and modified CASA model ranges from 0.90 to 1.53 and between 0.69 and 1.12, respectively.

3.2. Spatial Patterns of NPP

Figure 2 illustrate the spatial pattern and standard deviation of NPP over 2001-2015 in the Tibetan
Plateau. The mean annual NPP for these 15 years showed an increasing pattern from northwest to
southeast (Figure 2a). The lowest values occurred in the west and north of the plateau, with values
lower than 0.042 kg-C-m~2. In contrast, the highest values (more than 0.700 kg-C-m~2) were found in
the southeast of the plateau. NPP values ranging from 0.250 and 0.700 kg-C-m 2 mostly occurred in the
east of the plateau. For the remaining areas, NPP values mostly ranged from 0.042 to 0.250 kg-C-m~2,
and they were mainly distributed in the middle and southwest of the plateau. Additionally, the spatial
pattern of annual NPP for each year (2001-2015) was similar to that of mean annual NPP (Figure S3).
The spatial pattern of the standard deviation (Figure 2b) was similar to that of the mean annual NPP.
For most of the study area, the standard deviation was lower than 0.037 kg~C~m’2, accounting for
75.70% (Figure S4). However, higher values were found in the east and southeast of the plateau,
with values more than 0.037 kg-C-m~2.
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Figure 2. (a) Spatial patterns of mean NPP and (b) standard deviation in the Tibetan Plateau between
2001 and 2015.
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3.3. Temporal Trend of NPP

The temporal trend of annual NPP across the Tibetan Plateau is displayed in Figure 3a. During the
study period (2001-2015), pixels that displayed either a significant decrease or increase (p < 0.05)
accounted for 15.01% (Figure 3b). Of the total pixels, 53.20% displayed a decreasing trend, and 9.05%
of the total pixels displayed a significantly negative trend (p < 0.05; Figure S3). Overall NPP decreased
with a mean value of —0.02 x 1072 kg-C-m~2 a~!, and the magnitudes of decreasing NPP mostly
ranged from 0 to —0.15 x 1072 kg-C-m~2-a~! (Figure S5), distributed in the south and southwest of
the Tibetan Plateau. In contrast, 46.80% of the total pixels exhibited an increasing trend, of which
approximately 6% showed a significantly positive trend (p < 0.05; Figure S5). The increasing trend of
NPP was mostly distributed in the center of the plateau, with the magnitudes mainly ranging from
0t00.13 x 1072 kg-C-m~2-a~! (Figure S5).

100°E
L

40°N
)

(a) »
7 5
S

35°N
)
35°N

30°N
f
30°N

250 500 1000
)

25°N
)

Bl DvVs 2

T
—
Kifometers [

\
|

100°E SO°E 90 100°E

I VS (1.53%

Figure 3. (a) Trends in annual NPP within the Tibetan Plateau between 2001 and 2015, where negative
values indicate a decreasing trend of NPP, and vice versa; and (b) very significant (p < 0.01) and
significant (p < 0.05) trends for NPP variation. DS, decreased significantly; DVS, decreased very
significantly; IS, increased significantly; IVS increased very significantly. Values in parentheses show
the percentage of significant pixels at p < 0.05.

3.4. Relationship Relating NPP and Climatic Factors

3.4.1. Sensitivity of NPP to Various Climatic Factors

Pixels with both the regression model and their corresponding coefficients that were significant
were simultaneously selected to calculate the sensitivity of NPP to climatic factors, and they are shown
in Figure 4. A positive response of NPP to temperature was mostly found in the east of the plateau
(Figure 4a), while a negative sensitivity to temperature mostly occurred in the west of the plateau,
accounting for 54.19% of the total pixels (Figure 4b). The responses of NPP to temperature mainly
ranged from —0.02 to 0.04 (kg-C-m~2-a~!)/°C, with a mean value of —0.0003 (kg-C-m~2-a~1)/°C.
Regarding precipitation sensitivities, about 89.29% of the total pixels had a negative coefficient related
to NPP, and they were mainly distributed in the east and southeast of the plateau. In contrast,
a positive relationship was mostly found in the southwest of the plateau (Figure 4c), accounting for
10.71% of all pixels. The responses of NPP to precipitation ranged from —0.8 to 1.2 (g:C-m~2-a~!)/mm
for most pixels (Figure 4d), with a mean value of —0.254 (g-C'm_z-a_l)/ mm. Positive sensitivity
of NPP to total solar radiation was found for most pixels throughout the study area (Figure 4e),
and they mainly ranged from 0 to 0.208 (g-C-m~2-a~')/(M]-m~2) (Figure 4f), with an average of
0.038 (g-:C-m~2-a~1)/(MJ- m~2).
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Figure 4. Spatial distribution of sensitivity of NPP to (a,d) temperature, (b,e) total precipitation,
and (c,f) total solar radiation, with corresponding frequency distributions. Note that only pixels with
both the regression model and their corresponding coefficients that were significant simultaneously
are shown. Tem, Pre, and Rad represent mean temperature, cumulative precipitation, and cumulative

solar radiation, respectively.

3.4.2. Relative Effects of Climatic Factors on NPP

The relative impacts of climate factors on NPP are illustrated in Figure 5. Among the three climate
factors, the impact of annual cumulative precipitation was the greatest; mean annual cumulative
precipitation contributed to over 58% of the total pixels, mainly scattered in the middle of the
Tibetan Plateau. Annual cumulative solar radiation contributed to approximately 29% of the total
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pixels, mainly occurring in the eastern edge of the plateau. The extent of the impact of annual
mean temperature seemed very limited when compared with the other two climatic factors (<13%),
and those pixels were mostly scattered in the southwestern area of the plateau. Furthermore,
annual cumulative precipitation contributed to 47.84% of significantly increasing NPP, followed
by annual solar radiation—approximately 13.48%—and the lowest was annual mean temperature,
only accounting for 13.48%. The percentage of relative contributions of climatic factors to significantly
decreasing NPP was similar to that of significantly increasing NPP, approximately 44.58%, 31.98%,
and 23.44% for annual cumulative precipitation, annual cumulative solar radiation, and annual mean
temperature, respectively (Figure S6).
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Figure 5. Relative impacts of climate factors on NPP. Tem, temperature; Pre, precipitation; Rad,
solar radiation. Only pixels with significant (p < 0.05) sensitivity are displayed.

3.5. Comparison of Effects of Climate Change and Anthropogenic Activities on NPP

Figure 6 illustrates the trends of NPP under the isolated impacts of climate change and
anthropogenic activities. Over 50.5% of the total pixels showed a decreasing trend for NPP under
the isolated effects of climate change or anthropogenic activities. The direction of average trends of
NPP under the isolated effects of climate change and anthropogenic activities was consistent, and the
average rate of trends under the isolated impact of anthropogenic activities was larger than that of
climate change, with an average rate of —0.180 g:C-m~2-a~! and -0.038 g-C-m~2-a~!, respectively.
In addition, the decreasing trend of NPP under the impact of isolated climate change was mostly
distributed in the middle and southwest of the Tibetan Plateau, while the decreasing trend of NPP
under the impact of isolated anthropogenic activities was mostly in the south and southwest of
the plateau.

To identify the effects of different anthropogenic activity types on NPP variation, anthropogenic
activities were classified into two types: ecological restoration and ecological destruction.
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The relationships between NPP trends and the two anthropogenic factors were quantitatively analyzed
(Figure 7). Ecological restoration and ecological destruction had significantly positive and negative
effects on NPP trend changes, respectively (p < 0.0001). The absolute effect of ecological destruction
on NPP trend changes was larger than that of ecological restoration, and the fraction of ecological

restoration and ecological destruction increased by 1%; NPP increased by 0.53 kg-C-m~2-a~! and
decreased by 2.11 kg-C-m~2-a~ !, respectively.
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Figure 6. Trends of NPP under the isolated impact of (a) climate change and (b) anthropogenic
activities; (c,d) show the corresponding frequency distributions of impacts of climate change and

human activities, respectively.
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4. Discussion

4.1. Uncertainties in NPP Simulations

Net primary productivity (NPP) plays a crucial role in carbon sink or source in ecosystems [10].
Therefore, the accuracy of NPP estimation is crucial for reliably quantifying the carbon source or sink
potential of ecosystems [65], especially for regions (e.g., the Tibetan Plateau) with a rich diversity in
species, climate, and ecological types [9]. The validation of our results indicates that the NPP derived
from the modified CASA model was significantly correlated with field observations, and the RMSE
and MAE were all lower than those of the original CASA model. This indicates that the modified CASA
model was appropriate for calculating grassland NPP in the Tibetan Plateau. However, the modified
CASA tended to underestimate high values of NPP. Moreover, the field observations applied in
this study were converted from the biomass data due to the difficulties measuring of NPP directly.
It should be recognized that this converted NPP data could not represent the true value of NPP
fully [66]. Additionally, only 77 field observations were compared, and the field observations in
the northwest were scarce due to the high elevation and inaccessibility (Figure S1), which may bias
our results somewhat. Furthermore, the validation results may also be affected by pixel resolution
heterogeneity and stand density [15]. For instance, a pixel may include several vegetation types (i.e.,
grass and shrub) and encompass complex surface reflectance in a special resolution of 500 m x 500 m,
however, the field observations are usually based on an individual plant. Therefore, the modeled
result based on remote sensing cannot precisely correspond with ground-based measurements. Thus,
an increased number of field observation sites, longer observation period, high spatial resolution of the
image used, and improvement of biomass measurement are necessary to validate simulation results.
What is more, the application of forest inventory data and carbon flux data are also preferable for
the validation of modeled NPP in the Tibetan Plateau. Moreover, long-time temporal trend analysis
comparing a match between simulated NPP and field observations is also a good choice.

4.2. Spatiotemporal Variation of NPP

Generally, the spatial pattern of annual NPP increased from northwest to southeast, and this
is consistent with previous studies [11,66]. The result may due to the hydrothermal conditions
caused by the climatic gradient from the northwest to the southeast in the Tibetan Plateau [9]. NPP
in the northwest of the plateau was mostly lower than 0.042 kg-C-m~2, and it may be caused by
low temperature and the absence of precipitation due to the high elevation and inland location
(Figure S1). In contrast, NPP in the southeast was mostly higher than 0.250 kg-C-m~2, which may
be due to southwest and southeast monsoons creating favorable climate conditions for vegetation
growth. Additionally, the spatial pattern of annual NPP was also affected by vegetation distribution.
For instance, in the northwest of the Tibetan Plateau, desert vegetation and sparse woods are widely
distributed, while in the southeast, vegetation is predominantly forests (Figure S2), which have higher
plant primary productivity than desert vegetation and sparse woods.

The temporal trend of NPP showed spatial heterogeneity in the Tibetan Plateau, and an overall

~1 was found, which is similar to

decreasing trend with a mean value of —0.02 x 1072 kg-C-m~2-a
previous findings [3,10]. The reasons for the decreasing NPP include harsh environmental conditions
caused by both climate change and anthropogenic activities. For instance, an increasing trend
in temperature and a decreasing trend in cumulative precipitation (Figure S7) result in warmer
and drier environmental conditions [67] for impending vegetation growth. Additionally, decreased
cumulative solar radiation (Figure S7), which inhibits the photosynthesis of vegetation, also contributed
to the decreasing NPP. Moreover, deforestation and grassland degradation due to agriculture use,
unsustainable logging practices, rodent damage, collection of Chinese herbal medicines, overgrazing,
and urbanization [5,68,69] were also responsible for the decreasing NPP. For instance, [68] revealed that
forests in the southeast of the Tibetan Plateau have mainly disappeared because of urban and cropland
expansion, and [70] showed that severely degraded grassland was observed in the head-water areas
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of the Three Rivers Source in the plateau. In addition, decreasing NPP was also found around lakes,
which may be caused by over-reclamation and overgrazing [36,71]. Additionally, the sandy decertified
lands around lake basins may be responsible for this result [72]. An increasing trend of NPP mostly
occurred in the central Tibetan Plateau, which is in agreement with [34]. This may contribute to
the application of reforestation and ecological restoration [73]. For instance, since the launch of the
Returning Farming to Forest project, approximately 20 km? of a man-made plant community has been
preserved in Datong County, Qinghai Province [74].

4.3. Diverse NPP Correlations with Climatic Factors

Previous studies have revealed that climate-related factors are among the most important factors
affecting vegetation NPP [15], of which temperature, precipitation, and solar radiation are the three
main forces that drive vegetation growth [75]. Generally, mean annual temperature was negatively
correlated with NPP for most of the study area, with a mean value of —0.0003 (kg-C-m~2-a~1)/°C,
which is in line with [3]. This result may be caused by the increased temperature and decreased
precipitation, which result in high evapotranspiration and increased water scarcity. Alternatively,
the melting frozen soil caused by increased temperature may destroy the structure of vegetative root
systems and hinder growth [34]. However, a positive relationship between NPP and mean annual
temperature was found in the east of the Tibetan Plateau. This may have resulted from the enhanced
capacity for photosynthesis and increased activity of photosynthetic enzymes [76,77]. The positive
relationship between NPP and annual cumulative solar radiation in that area also supports this
conclusion. Precipitation generally showed a negative correlation with NPP, with a mean value
of —0.254 (g-C-m’2~a’1)/ mm, consistent with [11]. This negative relationship was mainly in the
southeast and east of the plateau, where the elevation is lower than 5000 m (Figure S1), and agrees
with previous studies [5,11]. This may be because forests were predominantly in the east and southeast
of the plateau; the southeast and southwest monsoons brought sufficient rainfall for vegetation
growth, and the plant can utilize water from both deep and superficial soil profiles. However,
more precipitation is usually accompanied by less solar radiation, which inhibits photosynthesis
and prevents growth [78]. Additionally, an anaerobic soil condition may be created within the
plant root zone by a higher soil moisture content that limits vegetation growth [79]. Alternatively,
the content of soil organic matter may have decreased due to enhanced soil erosion caused by increased
precipitation, thus reducing NPP [5]. A positive correlation between NPP and annual cumulative
solar radiation was found for most pixels throughout the study area. Approximately 68% of the total
pixels exhibited a positive relationship between NPP and annual cumulative solar radiation, with a
mean sensitivity of 0.037 (g~Com_20a_1)/ (MJ-m~2). This may be because sufficient materials and the
energy that accompanies solar radiation are supplied for photosynthesis and promote vegetation
NPP [21]. However, a negative relationship was found in the middle of the plateau, which concurs
with [10]. This may be because abundant solar radiation causes the melting of snow and permafrost
soils, creating an anaerobic soil condition due to higher soil moisture content within the plant root
zone [79]. Alternatively, increased surface soil evaporation and limited water availability resulting from
abundant solar radiation may prevent herbaceous plants with shallow root systems from growing [15].

4.4. Relative Contribution of Climatic Factors and Anthropogenic Activities to NPP

Climate change and anthropogenic activities are the two main factors that affect NPP variation.
In terms of climatic factors, approximately 48.57% of the total pixels were regulated by annual
cumulative precipitation, and they mainly occurred in the middle of the plateau. This is because
precipitation is one of the most important factors affecting vegetation growth in arid and semi-arid
areas, especially for grassland with a shallow root system. Additionally, the amount of precipitation in
the plateau is usually small and varies extremely in time and space [80]. Moreover, the overall trend of
precipitation in the plateau displayed a decreasing trend during the study period (Figures S7 and S8).
Both of these reasons make precipitation a dominant climatic factor that regulates vegetation
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growth in the plateau. The relative contribution of annual cumulative solar radiation accounted
for approximately 29% over the study region, and they were mainly distributed in the eastern edge
of the plateau. Although solar radiation in the Tibetan Plateau is usually abundant due to less water
vapor content, high elevation, and thin clouds [81], an overall decreasing trend of cumulative solar
radiation (Figure S7) may also have contributed to the decreasing trend of NPP in the plateau, as it
impacts photosynthesis—such as the composition of chlorophyll and carbohydrate, as well as the
decomposition of CO,—and then impacts dry matter accumulation. The spatial distribution of annual
mean temperature that contributed to NPP variation was lower than that of the other two factors,
accounting for approximately 12.56% of the total number of pixels. Usually, temperature in the Tibetan
Plateau is low due to the high elevation [82]. However, an overall increasing trend of annual mean
temperature (Figures S7 and S8) in the plateau may have mitigated the restriction of low temperature
on plant growth. Thus, the percentage of the relative contribution of annual mean temperature to NPP
variation was lower than that of the other two climatic factors. Alternatively, this result may also be
caused by the life strategy and/or adaptions of plants to local low temperature.

Previous studies showed that the effects of anthropogenic activities on NPP variation are great in
the Tibetan Plateau [27,36]. Although our results revealed that both climate change and anthropogenic
activities had a negative effect on NPP for most areas, anthropogenic activities had a larger effect
than that of climate change, with an average rate of —0.180 g-C-m~2-a~! and —0.038 g-C-m~2.a~ !,
respectively. Chen et al. [27] revealed that the impacts of anthropogenic activities on the percentage
change of NPP in the Tibetan Plateau increased from 20.16% during 1982-2001 to 42.98% during
2001-2011, concluding that human intervention plays a more important role in regulating the alpine
grassland ecosystem. The conclusion was similar to our results that human intervention (reducing
the number of livestock, fencing degrading grassland, afforestation) may have a more important role
than climate change in regulating NPP variation in the Tibetan Plateau. Therefore, more effort, such as
the implementation of grassland protection policies, ecological restoration projects, and ecological
compensation in the plateau, should be made in the future. However, we should recognize that
the calculation of isolated effects of anthropogenic activities was based on the hypothesis that NPP
variation was impacted by climate change and anthropogenic activities, and thus, after removing the
climate influence, the human-induced vegetation variation could be identified [62,63]. Additionally,
other factors, such as vegetation composition and succession, were ignored. Moreover, the isolated
anthropogenic activities did not distinguish the impact of different anthropogenic activity types on
NPP variation. Therefore, to identify the impact of different anthropogenic activity types on NPP
variation, anthropogenic activities were classified into two types: ecological restoration and ecological
destruction. In terms of human intervention, the effects of ecological destruction on NPP trend changes
were larger than that of ecological restoration. For instance, 12.18% of the grassland transformed into
built-up areas (Figure S9) in the plateau during 2001-2015, which seems to indicate that ecological
destruction is responsible for the decreasing trend of NPP. Therefore, compared with the ecological
restoration, such as Natural Forest Conservation Program and Grazing Withdrawal Program [73,83],
ecological destruction, such as urbanization, unsustainable logging practices, and overgrazing,
should be paid more attention in the plateau. Furthermore, more efforts, such as the implementation
of grassland protection policies, ecological restoration projects, and ecological compensation in the
plateau, should be made in the future to compensate for the negative effects of ecological destruction
on decreasing NPP.

4.5. Limitations

Limited meteorological stations, especially for areas with an elevation more than 6 km, were used
in this study, and may bias our results on the relationship between climatic factors and NPP. Moreover,
numerous factors may affect the variation of vegetation NPP. However, only three climate factors were
considered in this study, while other factors, such as CO, concentration, effective precipitation, soil
moisture and temperature, and N enrichment and deposition, were neglected. However, an early
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study [84] revealed that the impact of CO, concentrations on grassland was weakest; the explanation
only accounted for 0.3% of total NPP, and was obviously slighter than the other climatic factors in terms
of carbon storage [85]. In addition, an early study [86] demonstrated that the impact of N deposition
on NPP of alpine grass in the Tibetan Plateau was insignificant. Therefore, these climate-related
factors have had less of an effect on our conclusion. Additionally, vegetation phenology, vegetation
composition and succession, vegetation aging, site fertility, species competition, droughts, wildfires,
pests, plant diseases, and the time-lag effect of factors should also be taken into consideration.
Furthermore, the limited available data also restricts our understanding of the impacts of different
factors on NPP. Although the method we applied in this study to isolate climatic factors and
anthropogenic activities has been widely used [61,83,87], the calculation was based on the hypothesis
mentioned above. Obviously, it ignores other factors (i.e., vegetation composition and succession) that
may affect vegetation growth. Therefore, the method applied in this study cannot effectively assess the
impact of anthropogenic activities on NPP variation, and it is urgent and necessary for us to effectively
isolate the effects of climatic factors and anthropogenic activities and separately quantify the effects of
different anthropogenic activities.

5. Conclusions

In this study, NPP based on the original and modified CASA models was estimated, and the
modeled NPP and field observations were compared. In addition, we isolated and quantified the
effects of climate change and anthropogenic activities on NPP variation across the Tibetan Plateau.
Our results show that the results of the modified CASA model were appropriate, and the model
performed better than the original CASA model over the plateau during the period of 2001-2015.
The spatial pattern of annual NPP increased from northwest to southeast, and displayed a decreasing
trend for most of the study area. The variation of NPP was driven by both climate change and
anthropogenic activities. In terms of climate factors, the variation of NPP for most areas was regulated
by annual mean temperature and annual cumulative precipitation. Warmer and drier environmental
conditions and a decreasing trend of solar radiation may be responsible for the decreasing trend of NPP.
Additionally, anthropogenic activities had a negative effect on NPP variation, which was larger than
that of climate change. In terms of anthropogenic activities, ecological destruction had a significantly
negative effect on the NPP trend, and the absolute value was larger than that of ecological restoration,
which had a significantly positive effect on the NPP trend. This indicates that human intervention in
grassland protection and restoration in the plateau plays a critical role in mitigating the degeneration
of the ecosystem. Therefore, ecological destruction should be paid more attention and ecological
restoration should be conducted to mitigate the decreasing trend of NPP in the plateau.
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