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Abstract: Global historical land use datasets have been widely used in global or regional environmen-
tal change studies. Historical pasture data are essential components of these spatially explicit global
datasets, and their uncertainties have not been well evaluated. Using the livestock-based historical
pasture dataset for the Tibetan Plateau (TP), we evaluated the uncertainties of these representative
global historical land use datasets in pasture reconstruction for the TP over the past 300 years in terms
of pasture area estimation and spatial pattern mapping. We found that only the Sustainability and
the Global Environment (SAGE) dataset can roughly reflect the temporal and spatial characteristics
of historical pasture changes on the TP. The History Database of the Global Environment (HYDE) ver-
sion 3.2 and the Pongratz Julia (PJ) datasets overestimated pasture area for the TP dramatically, with
a maximum area ratio of about 221% and 291%, respectively, and the Kaplan and Krumhardt 2010
(KK10) dataset underestimated pasture area for the TP dramatically, with a minimum area ratio of
only 9%. As for the spatial pattern, all these global datasets overestimated the spatial scope of grazing
activities obviously. The KK10 dataset unreasonably allocated pasture to forest areas in southeastern
Tibet because only climate and soil factors were considered in assessing land suitability for grazing.
Using population to estimate pasture area and only using natural factors to allocate pasture area
into grids is unsuitable for the TP historical pasture reconstruction. In the future, more information
directly related to grazing activities, e.g., the number of livestock and its spatial distribution, and
social-cultural factors, including technology and diet, should be used for area estimation and spatial
pattern mapping to improve the accuracy of pasture data in these global datasets.

Keywords: uncertainties; global datasets; history period; pasture reconstruction; Tibetan Plateau;
comparison analysis

1. Introduction

Over the past thousands of years, extensive human use of land has transformed
75–95% of the Earth’s ice-free land area [1,2], which caused extensive global and regional
environmental change, including climatic warming [3], land degradation [4], the reduction
of the delivery ability of ecosystem services [5], and the significant loss of biodiversity [6,7].
As a result, many researchers and international organizations, i.e., the Past Global Changes
project (https://pastglobalchanges.org/) (accessed on 30 July 2022) and the ArchaeoGLOBE
project [8], pay much attention to land use and land cover change (LUCC) over a long
period [9–11].

With the advent of the remote sensing era, numerous scholars have adopted dif-
ferent approaches to reconstruct historical LUCC datasets in a spatially explicit way for
quantitative simulation of environmental consequences of land use. There are several
noteworthy datasets, including the History Database of the Global Environment (hereafter
HYDE) dataset [12–14], the Sustainability and the Global Environment (hereafter SAGE)
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dataset [15,16], the Pongratz Julia (hereafter PJ) dataset [17], and the Kaplan and Krumhardt
(hereafter KK10) dataset [18,19]. They have been widely used to study the environmental
consequences of long-term land use change, including climate change simulation and
the calculation of carbon emissions due to anthropogenic land cover change at both the
global and regional scales [17,20–22]. However, the simulation results of climatic and
ecological effects based on them have significant differences. For example, the estimated
carbon emissions from the KK10 dataset were over 120% higher than the HYDE dataset
(version 3.1 [13]) [19,23], which confuses our understanding of the role of land use change
in global warming and biodiversity loss. Therefore, it is necessary to evaluate these global
datasets, identify their uncertainties in data sources, methods, and results and point out
the directions for improvement.

Some studies have evaluated the uncertainties of these global datasets using indepen-
dent regional reconstructions. For example, Klein Goldewijk and Verburg [24] evaluated
the uncertainty of the HYDE dataset from five aspects: context and framing, input data on
population and land use, model parameters and assumptions, model structure, and model
technical details. Meiyappan and Jain [25] compared global cropland and pasture statistics
of the SAGE and HYDE datasets and found large differences in the estimated areas, with the
HYDE cropland (pasture) estimates being 8% (26%) higher than SAGE estimates, and the
main divergence is in China. Inspired by these evaluations, Zhang et al. [26] used historical
evidence of changes in cropland cover in Germany over the past millennium to evaluate
the uncertainties of cropland reconstructions in HYDE datasets (versions 3.1 and 3.2). They
found that although the cropland area of Germany in HYDE 3.2 was only −13–15% lower
than that of the document-based regional reconstruction, the spatial patterns of cropland in
HYDE3.2 had significant uncertainties, especially in regions of wetlands and river plains.
Moreover, Kaplan et al. [27] used an independent, pollen-based land cover reconstruc-
tion over the Holocene to evaluate the reliability of the KK10 and HYDE3.1 datasets in
north-western Europe. They found that both KK10 and HYDE3.1 cannot accurately reflect
the history of land use in north-western Europe, but KK10 is more in line with pollen-
based vegetation reconstructions than HYDE3.1. In addition, based on reconstructions
using Chinese unique historical documents, some scholars have evaluated the reliability
of these global datasets for the traditional agricultural region [28] and northeast [29] of
China. Specifically, Fang et al. [30] constructed a framework to assess the uncertainties of
these global datasets, including accuracy assessment based on regional reconstructions,
rationality assessment based on historical facts and expertise, and likelihood assessment
based on the consistency of multiple datasets. He et al. [28] and Zhao et al. [31] evaluated
the uncertainties of China’s cropland reconstructions in these global datasets using the
Chinese historical cropland dataset over the past millennium. Their assessments show
that the relative difference ratio of cropland area between the regional reconstructions for
China and HYDE3.2 (PJ) is −35% (112%). Besides, Li et al. [32] evaluated the accuracy of
cropland and pasture reconstruction for the Tibetan Plateau (TP) in these global datasets
using available regional cropland reconstruction and livestock density data and found that
these global datasets cannot accurately reflect the actual land use situation of the region.

The above studies mainly focused on the assessment of cropland reconstruction. Only
Li et al. [32] used modern livestock density data to evaluate the rationality of the spatial
distribution of pasture data in these global datasets in the last 20 years, which is a good start
for uncertainty assessment of pasture modeling but is insufficient. Over the past thousands
of years, grazing has been one of human beings’ leading land use practices, and pasture
areas now cover about 22–26% of the Earth’s ice-free land [20,33,34]. Its long-term impact
on global and regional climate warming, the degradation of ecosystem services, and the loss
of biodiversity cannot be ignored [3]. The World Food and Agriculture Organization (FAO)
published a report on the environmental impact of livestock agriculture and suggested that
global livestock contributed 18% of the total anthropogenic greenhouse gas emissions [35].
Overgrazing activities have led to severe grassland degradation as well as the loss of
soil/water retention services and the reduction of biodiversity in the TP over the past
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several decades [36–38]. However, the authors of HYDE said that pasture reconstruction
is more uncertain than cropland reconstruction in their scenarios due to data scarcity [24].
This uncertainty seriously hinders our understanding of the climatic and environmental
consequences of long-term grazing activities.

In this study, therefore, based on a livestock-based historical pasture dataset (hereafter
the TP pasture dataset) and some qualitative grazing-related historical records, we evalu-
ated the uncertainties of these representative global datasets, including HYDE (versions
3.1 and 3.2), KK10, PJ, and SAGE, in pasture reconstruction for the TP from two aspects,
i.e., area estimation and spatial pattern mapping. Then, we discussed the reasons for these
uncertainties, and some suggestions for improvement were provided subsequently.

2. Materials and Methods
2.1. Study Area

As the “Roof of the World” and “Asia Water Tower” [39], the TP is a vast, high plateau
in Central Asia. It lies between the Himalayan range to the south and the Kunlun Range
to the north. It covers several countries, including China, Nepal, India, and Pakistan.
In China, it includes the Tibet Autonomous Region (hereafter Tibet), Qinghai Province,
Sichuan Province, Gansu Province, Yunnan Province, and Xinjiang Autonomous Region,
with a total area of approximately 2.5 million km2 [40]. The area of Tibet and Qinghai is
1.23 and 0.72 million km2, respectively. They are the central bodies of the plateau (Figure 1).
In this study, the TP just refers to Tibet and Qinghai, considering the spatial coverage of the
historical TP pasture dataset.
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Figure 1. Location of Tibetan Plateau and its land use map for 2020. The land use data was cited
from Resource and Environment Science and Data Center, Chinese Academy of Sciences (https:
//www.resdc.cn/Default.aspx) (accessed on 22 April 2022).

The natural environment here is characterized by high altitude, low temperature, and
low precipitation. It has an average elevation of over 4500 m. It is the highest and largest
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plateau in the world. Its annual average temperature ranges from −5.1 to 12.1 ◦C. Its
annual average precipitation ranges from 50 to 1000 mm with a southeast-to-northwest
gradient. More than half of the plateau is covered with natural grassland ecosystems [41].
The plateau is rich in biodiversity and provides a large number of ecosystem services for
the residents of the plateau and its surrounding areas, including water and soil retention,
carbon sequestration, and sandstorm prevention. As the source of several major rivers, the
plateau supplies water to nearly two billion people.

The number of inhabitants in Qinghai and Tibet was 9.57 million in 2020 with a
population density of 5.99 inhabitants/km2 [42]. As a typical pastoral area in China, the
region is dominated by grazing activities with centuries of grazing history [43], but the
intensity of human activity on the TP is low overall [44,45]. It is facing severe challenges,
including glacier melt and land deterioration due to global warming and human activities.

2.2. Global Historical Land Use Datasets

With the development of remote sensing technology and advanced geographical in-
formation science, recent years have seen an increasing interest in developing spatially
explicit datasets of land use covering at least the entire industrial period. Most noteworthy
global scale historical land use datasets include HYDE, KK10, SAGE, and PJ. Historical
pasture data are essential components of these global datasets. The general pasture re-
construction framework of them was to estimate the past pasture area first, then create a
spatial model incorporating contemporary remote sensing data to allocate the historical
statistical inventories of pasture land area into grids with a resolution ranging from 0.5◦ to
5′. Due to different understandings of the global or regional grazing history, the authors of
each dataset have created different models for pasture area estimation and spatial pattern
mapping. Before uncertainty evaluation, we briefly introduce these high-resolution global
datasets as follows (Table 1).

Table 1. Basic information of representative global historical land use datasets and the regional
pasture dataset for the Tibetan Plateau (TP).

Datasets Temporal Coverage Area Estimation Methods

Global
Datasets

HYDE3.1 [13] 10000BC–AD2000 Pasture area per capita, which is assumed stable, is
multiplied by population to estimate past pasture area.

HYDE3.2 [14] 10000BC–AD2017
The historical per capita pasture area was fitted using

curves; then, it was multiplied by population to estimate
pasture area.

KK10 [19] 8000BP–AD1850
Land use area per capita, which is assumed to decrease

gradually with the advance of agricultural technology, is
multiplied by population to estimate past land use area.

PJ [17] AD800–1992
Pasture area per capita, assumed stable for AD800–1700, is

multiplied by population to estimate pasture area, and
link SAGE and HYDE with the period AD1700–1992.

SAGE [16] AD1700–2007
Linear backtracking of pasture area over the historical
period, based on the existing inventory data of pasture

area.

Regional
Dataset

Historical
pasture dataset

for the TP
AD1737–2000

Based on the number of livestock and the historical
records about the pasture area, we estimated the pasture

area for the TP.

2.2.1. The HYDE Dataset

Before 1960, pasture area was estimated based on historical population and per capita
pasture area data. After 1960, the pasture area was cited from FAO. Using satellite-based
spatial patterns of grazing land which were cited from the high-resolution ESA Land Cover
consortium maps for 2010 and other spatially explicit data, including population, climate,
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soil, and biome maps, the authors allocated historical pasture areas into grids with a resolu-
tion of 5 arc-minutes. HYDE2.0 only covered the past 300 years [12], while HYDE3.1 [13]
extended the period from 10000BC to AD2000. The latest version, HYDE3.2 [14], reclassified
grazing land into a more intensively used pasture and less intensively used rangeland.

2.2.2. The KK10 Dataset

The KK10 dataset used population and land use area per capita to estimate the histori-
cal land use (cropland + pasture) area. Land use area per capita was assumed to decrease
gradually as agricultural technology advances. Then, based on the land suitability for
agriculture and pasture, the estimated land use area was allocated to grids [19]. Note
that KK10 does not separate cropland and pasture, but the cropland distribution is small
in the TP (Figure 1), only accounting for 0.66% [43]. Gazing is the primary land use ac-
tivity. Therefore, in this study, the land use data in KK10 was considered as the pasture
for evaluation.

2.2.3. The SAGE Dataset

The SAGE pasture area was estimated by linear backtracking from historical popula-
tion and inventory data [46]. For spatial reconstruction, the authors assumed that the spatial
pattern of pasture in the past was consistent with the distribution of modern pasture which
was derived from two different satellite-derived products (Boston University’s MODIS-
derived land cover product and the GLC2000 dataset). Finally, the historical pasture area in
each political region was allocated into grids with a spatial resolution of 0.5◦, creating a
global dataset of pasture from 1700 to 2007 [16].

2.2.4. The PJ Dataset

The PJ dataset for AD800–1992 was created based on the HYDE and SAGE datasets.
For AD800–1700, the pasture area in each political region was calculated by multiplying
the historical population and per capita pasture area, assuming that the per capita pasture
area was steady for this period. After 1700, the pasture area data was cited from HYDE2.0
with regional revisions. The spatial pattern of the pasture was cited from the SAGE dataset,
and assuming that there were no changes in spatial pattern over the past millennium.
Finally, the pasture area in each political region was allocated into grid cells with a spatial
resolution of 0.5◦ [17]. Taking into account the differences in the above-ground crops of the
pasture, the authors divided the pasture into C3 and C4 pastures [47].

2.3. Historical Pasture Dataset for the Tibetan Plateau

To quantitatively evaluate the uncertainty of these global datasets for the TP, we briefly
introduce the TP pasture dataset’s reconstruction process (Table 1). The FAO category
“permanent pasture” is used for pasture definition. It includes all land used permanently
for herbaceous forage crops, either cultivated or growing wild [48]. We first estimated the
provincial pasture area of TP for AD1737–2000 based on the number of livestock and the
pasture area required to feed one sheep unit. The number of livestock was directly cited
from Statistical Yearbooks [49,50] and historical documents [51,52] and estimated based
on historical population and the number of livestock per capita for no-record historical
periods. The pasture area required to feed one sheep unit was estimated based on multiple
historical records [53,54] and the grazing situation of the TP [55,56].

Then the provincial pasture area of TP for AD1737–2000 was allocated into grids with
a resolution of 1 km based on the land suitability assessment model for grazing. The model
includes natural and human factors, including terrain, grassland net primary productivity,
and livestock distribution. The equation is as follows:

Wsuit(i, t) = Wdem(i) ∗Wnpp(i) ∗Wlivestock(i, t) (1)

where Wsuit(i,t) is the land suitability for grazing of grid i in year t, Wdem(i,t) and Wnpp(i,t)
are normalized elevation and net primary productivity of grid i, Wlivestock(i,t) is the number
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of livestock of grid i in year t, and it was mapped using a stepwise regression model based
on previous studies [57,58]. The equation is as follows:

Wlivestock(i, t) =
[
0.19 ∗ logpop(i, t)− 1.45 ∗Wtemp(i) + 0.60 ∗Wndvi(i) + 2.19

]
∗Wmax(t) (2)

where logpop(i,t) is the logarithm of population density of grid i in year t, Wtemp(i) and
Wndvi(i) are normalized temperature and difference vegetation index of grid i, and Wmax(t) is
the maximum range of livestock distribution for year t which is determined by the overlay
of multiple periods of remote sensing grassland data (https://www.resdc.cn/Default.aspx)
(accessed on 22 April 2022). Because grazing activities and pasture on the TP have mainly
been on natural grassland until nowadays.

In addition, historical records relating to regional animal husbandry development
were also used as evidence for the rationality assessment of these global datasets. Natural
disasters (e.g., famine, snowstorm), wars, and population greatly impact grazing activities.
Thus, we collected natural disaster and war-related data in the TP for AD 1700–2000, and
we evaluated the rationality of the changing trend of pasture areas in the global datasets
based on them. The number of natural disasters and wars were sourced from relevant
documents, including the Gazetteers for Xining City (西宁府志), the Gazetteers for Tibet (西
藏志), and the Gazetteers for famine (灾荒志). The population data were cited from Qinghai
Statistical Yearbook [49], Tibet Statistical Yearbook [50], and Chinese Population History [59].

2.4. Evaluation Methods

We evaluated the uncertainties of pasture reconstruction in the five global datasets for
the TP from two aspects, including area estimation and spatial pattern mapping.

In terms of pasture area estimation, we first conducted a qualitative evaluation based
on qualitative grazing-related historical records, including natural disasters, war, and
population. Then, we compared the pasture area in the five global datasets with the TP
pasture dataset quantitatively with the help of two indicators, i.e., annual growth rate and
area ratio [60]. The equations are as follows:

G =

(
(t2−t1)

√
V(t2)

V(t1)
− 1

)
∗ 100% (3)

where G is the annual growth rate of pasture area from years t1 to t2, V(t1) and V(t2) are the
pasture area in the global dataset and the TP pasture dataset at years t1 and t2, respectively.

A =
Vglobe(t)
VTP(t)

(4)

where Vglobe(t) is the TP pasture area in the global dataset, VTP(t) is the pasture area in the
TP pasture dataset, and A is the area ratio between Vglobe(t) and VTP(t), ranging from 0 to
1. Values of A closer to 1 indicate better agreement between the pasture area in the global
dataset and the TP pasture dataset.

To evaluate the uncertainties of spatial pattern mapping, we first visually compared
the five global datasets with the TP pasture dataset. Then, based on the visual comparison
results, we determined to carry out a quantitative comparison at the grid scale only for the
SAGE dataset with an indicator of relative difference ratio [60]. The equation is as follows:

relativedi f f (i, t) =

(
Vglobe(i, t)−VTP(i, t)

)
VTP(i, t)

∗ 100% (5)

where relativediff (i,t) is the relative difference of grid i for year t between the global dataset
and the TP pasture dataset. Larger relativediff (i,t) values indicate a greater difference
between the spatial pattern of the global dataset and the TP pasture dataset at the grid scale.

https://www.resdc.cn/Default.aspx
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Vglobe(i,t) and VTP(i,t) are pasture fractions of grid i for year t in the global dataset and the
TP pasture dataset, respectively.

As the inconsistent spatial resolution of different datasets may impact the comparison
of spatial patterns, spatial resolution was unified to facilitate comparison. The spatial
resolutions of HYDE (versions 3.1 and 3.2) and KK10 are 5 arc-minute (~10 km at the
Equator) as well as SAGE and PJ are 0.5◦ (~60 km at the Equator). The grid cell size of the
TP pasture dataset is 1 km. We unified the resolution of all datasets to 10 km to facilitate
spatial comparison.

Considering that the reconstruction period and temporal resolution were inconsistent
across datasets, we selected the period AD1700–2000 for area comparison and the years
1740, 1840, 1950, and 2000 for spatial comparison based on spatiotemporal coverage of the
TP pasture dataset. Due to the KK10 dataset covering the period 8000BP–AD1850, only the
KK10 dataset for AD1700–1850 was evaluated.

3. Results
3.1. The Reliability of the TP Pasture Dataset

The changing trend of pasture area we estimated for the TP over the past 300 years
reflects the rise and fall of animal husbandry on the TP well. Specifically, during 1737–1840,
1910–1930, and 1949–1990, there were fewer wars and famines, the social environment
of the TP was relatively stable, and animal husbandry developed well. Our estimated
pasture area for the TP increased in these three periods, which is consistent with the stable
development of animal husbandry. For more than half a century after 1840, Qinghai
Province experienced a series of wars and natural disasters, including the Sala and Hui
people’s uprising in 1860, the Taiping Rebellion during 1876–1879, and frequent droughts,
which led to the decline of animal husbandry. Our estimated pasture area for the TP also
declined during this period, which is in line with the actual situation of the decline of
animal husbandry. After 1930, Qinghai was affected by plagues and wars, the number of
herdsmen and livestock decreased, and the development of animal husbandry suffered a
severe setback. This is also well reflected in our estimation. In addition, after 1990, due to
the contradiction between grassland and livestock in Qinghai province became prominent,
the local government began to put forward policies such as “using the productivity of
grassland to determine the number of livestock” to encourage reasonable grazing, which
led to the decline of the number of livestock and the area of pasture in Qinghai province
during that period. This decline can also be seen in our estimation. The above evidence
suggests that our estimates for the past 300 years of pasture area change trends for the
Qinghai-Tibet Plateau are reasonable.

The main grassland utilization behavior on the TP is grazing. The spatial distribution
of grassland utilization intensity can largely reflect the spatial pattern of pastures, although
they are different terms theoretically. Grassland utilization intensity refers to the proportion
of the above-ground grassland biomass actually used to the total above-ground grassland
biomass in the whole year for a given area of grassland. In this study, to verify the
reliability of the spatial pattern of the TP pasture dataset we reconstructed, we compared
the spatial pattern of pasture for 2000 in the TP pasture dataset with the spatial distribution
of grassland utilization intensity on the TP which was published in the annual report on
remote sensing monitoring of the global ecological environment (https://nrscc.most.cn/)
(accessed on 20 June 2022). Their spatial patterns show good consistency (Figure 2). Both
the grassland utilization intensity in the TP and the spatial pattern of pasture are mainly
distributed in the central and eastern parts of the plateau, largely suggesting the reliability
of the spatial pattern of the pasture we mapped.

https://nrscc.most.cn/
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Additionally, based on extensive collecting of historical evidence of human activity,
Miehe et al. [56] also revealed that grazing activities on the TP were mainly distributed in
the central and eastern parts of the plateau. In addition, the TP pasture dataset shows that
the pasture center of gravity has gradually moved from low to high altitude over the past
300 years, which is consistent with the findings of Zhang [55] that for hundreds of years,
the grassland in the low-altitude areas of the TP have been overgrazed, and herdsmen
have gradually grazed in high-altitude areas. The above comparison shows that the spatial
distribution of the pasture we mapped for the TP and its evolution over the past 300 years
is generally reasonable.

Therefore, in terms of area estimation and spatial pattern mapping, the TP pasture
dataset we reconstructed can well reveal the temporal and spatial variation characteristics
of grazing activities in the TP over the past 300 years. Thus, it can be used to assess the
uncertainty of these global datasets.

3.2. Uncertainty of Pasture Area in Global Datasets
3.2.1. Qualitative Assessment Based on Historical Records

The number of historical natural disasters, wars, and population for the TP during
1700–2000 is shown in Figure 3. The high frequency of natural disasters and slow pop-
ulation growth characterized 1700–1840. Considering the backward animal husbandry
technology in the historical period of the TP and natural conditions largely determine the
development of animal husbandry. So, we speculate that the changing trend of pasture area
and population during this period was close, showing a slow increase trend. Therefore, the
rapid increase of TP pasture area in PJ and HYDE3.2 during this period may be inconsistent
with the actual situation of grazing activities.

During 1840–1910, the frequency of natural disasters was high (Figure 3a). According
to statistics, there were 110 famines in the TP and some snow disasters in Tibet. The number
of wars was high, an average of 11 occurrences per year in recorded years (Figure 3b),
and the population decreased too (Figure 3c). Therefore, under the influence of natural
disasters and wars, the area of pasture in the TP was likely to be reduced during this period.
However, the pasture area of the region in PJ, SAGE, and HYDE3.1 still shows an increasing
trend during this period (Figure 3d), which is most likely unreasonable. Only the pasture
area in HYDE3.2 shows a decreasing trend during this period, consistent with the historical
records of natural disasters, wars, and population.

https://nrscc.most.cn/


Remote Sens. 2022, 14, 3777 9 of 17

Remote Sens. 2022, 14, 3777 9 of 18 
 

 

period. However, the pasture area of the region in PJ, SAGE, and HYDE3.1 still shows an 
increasing trend during this period (Figure 3d), which is most likely unreasonable. Only 
the pasture area in HYDE3.2 shows a decreasing trend during this period, consistent with 
the historical records of natural disasters, wars, and population. 

After 1910, the number of natural disasters and wars declined. The population began 
to increase rapidly. Animal husbandry should have been well developed in this period. 
Several global datasets reflect this feature well. 

 
Figure 3. The number of (a) natural disasters, (b) wars, (c) population, and (d) pasture areas in 
global datasets [13,14,16,17,19] in the Tibetan Plateau during 1700–2000. 

3.2.2. Quantitative Comparison Based on the TP Pasture Dataset 
As shown in Figure 4, the pasture area in the TP pasture dataset showed a fluctuating 

increase trend for 1737–2000, which can be divided into three stages: the steady rise stage 
from 1737 to 1840, growing from 254,500 km2 to 431,100 km2, the decline stage from 1840 
to 1910, with a rapid decline to 299,400 km2, and the fluctuating rapid increase stage for 
1910–2000, with the fastest growth after 1949. Although the pasture area in these global 
datasets also showed an overall growth trend, they did not fully reflect the fluctuating 
trend. For example, KK10, SAGE, and PJ showed a simple linear change trend. The pas-
ture increase trend of the HYDE dataset was close to that of the TP pasture dataset, but 
there are still considerable differences at various stages. Specifically, between 1840 and 

Figure 3. The number of (a) natural disasters, (b) wars, (c) population, and (d) pasture areas in global
datasets [13,14,16,17,19] in the Tibetan Plateau during 1700–2000.

After 1910, the number of natural disasters and wars declined. The population began
to increase rapidly. Animal husbandry should have been well developed in this period.
Several global datasets reflect this feature well.

3.2.2. Quantitative Comparison Based on the TP Pasture Dataset

As shown in Figure 4, the pasture area in the TP pasture dataset showed a fluctuating
increase trend for 1737–2000, which can be divided into three stages: the steady rise stage
from 1737 to 1840, growing from 254,500 km2 to 431,100 km2, the decline stage from 1840
to 1910, with a rapid decline to 299,400 km2, and the fluctuating rapid increase stage for
1910–2000, with the fastest growth after 1949. Although the pasture area in these global
datasets also showed an overall growth trend, they did not fully reflect the fluctuating
trend. For example, KK10, SAGE, and PJ showed a simple linear change trend. The pasture
increase trend of the HYDE dataset was close to that of the TP pasture dataset, but there
are still considerable differences at various stages. Specifically, between 1840 and 1910, the
average annual growth rate of the TP pasture dataset was −0.52%, while that of HYDE3.1
and HYDE3.2 were 0.05% and −0.21%, respectively.
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In addition, compared with the TP pasture dataset, HYDE3.2 and PJ overestimated,
and KK10 underestimated the pasture area of the plateau dramatically (Figure 4 and
Table 2). Relatively speaking, the pasture area in HYDE3.1 and SAGE datasets and the
TP pasture dataset were close. Specifically, the pasture area ratios between the PJ and TP
pasture dataset range from 1.34 to 2.91. For KK10, it ranges from 0.09 to 0.16 (Table 2). The
pasture area of the TP for the years 1990 and 2000 in HYDE3.2 was even more significant
than the TP’s satellite-based grassland area, i.e., 1,277,000 km2. Although the pasture area
in the HYDE3.1 and SAGE datasets were closer to the results of the TP pasture dataset for
1740–1950, the difference between them gradually increased after 1950. The pasture area
ratios between the HYDE3.1 and TP pasture datasets increased from 0.99 in 1820 to 1.66
in 1990 (Table 2).

3.3. Uncertainty of Pasture’s Spatial Pattern in the Global Datasets

Based on the TP pasture dataset, we revealed the uncertainties of the global datasets in
spatial reconstruction from two aspects: overall spatial comparison and grid cell comparison.

3.3.1. Comparison of Overall Spatial Pattern

The pasture area of the PJ dataset was dramatically overestimated, and the trend
of linear increase over the past 300 years was clearly inconsistent with the actual situa-
tion in the TP, so no further evaluation was required. Although HYDE3.2 dramatically
overestimated and KK10 underestimated the pasture area for the study area, we evalu-
ated them further, considering that they were widely used in climatic and environmental
consequence studies [61,62].
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Table 2. Pasture area (unit: 104 km2) of the Tibetan Plateau in the TP pasture dataset and the global
reconstructions (HYDE3.1, HYDE3.2, SAGE, PJ, and KK10) as well as the ratios between the latter
and the former.

Year
The TP Pasture

Dataset HYDE3.2 HYDE3.1 SAGE PJ KK10

Area Area Ratio Area Ratio Area Ratio Area Ratio Area Ratio

1740 25.45 27.01 1.06 19.87 0.78 13.96 0.55 34.21 1.34 3.98 0.16
1780 32.86 51.94 1.58 31.03 0.94 17.97 0.55 45.42 1.38 3.99 0.12
1820 34.94 66.18 1.89 34.71 0.99 21.98 0.63 59.09 1.69 4.01 0.11
1840 43.11 76.70 1.78 37.42 0.87 23.99 0.56 67.13 1.56 4.02 0.09
1910 29.94 66.16 2.21 38.75 1.29 30.35 1.01 87.21 2.91
1930 43.50 70.52 1.62 44.92 1.03 33.27 0.76 93.18 2.14
1950 36.08 71.15 1.97 51.06 1.42 34.89 0.97 101.63 2.82
1970 68.23 92.00 1.35 86.19 1.26 41.28 0.61 103.40 1.52
1990 77.45 131.67 1.70 128.74 1.66 61.47 0.79 118.62 1.53
2000 75.62 128.12 1.69 122.29 1.62 62.36 0.82 118.83 1.57

Figure 5 shows the spatial pattern of pasture cover in the TP pasture dataset, HYDE3.1,
HYDE3.2, SAGE, and KK10. Significant uncertainties exist in the spatial pattern of pasture
cover in HYDE3.1 and HYDE3.2. Specifically, it is unreasonable that large areas of pastures
are distributed in the eastern part of Qinghai province and the northern parts of Tibet.
The eastern part of Qinghai province is the Qaidam Basin, which is dominated by deserts
(Figure 1). The natural environment in northern Tibet is harsh, with sparse grassland and
low vegetation coverage (Figure 1). There is very little grazing here, making it one of the
world’s wildest ranges.

There is also a huge difference between the KK10 dataset and the actual land use
situation of the TP. It is unreasonable that the land use activities of the KK10 dataset are
mainly distributed in the southeastern part of Tibet. Because there are still large tracts of
forests distributed nowadays (Figure 1), surrounded by tall mountains, and the accessibility
is very poor. As a result, over the past 300 years, human grazing and cultivation activities
are almost non-existent in this region.

Encouragingly, the spatial patterns of pastures in the SAGE and TP pasture datasets
were relatively close overall. Pastures are mainly distributed in the eastern part of Qinghai
and the central and eastern parts of Tibet. However, from 1740 to 2000 in SAGE, the spatial
pattern of the pasture remained basically unchanged, and the pasture area of each grid
just increased linearly, which greatly simplified the actual grazing situation on the TP and
only captured the macro pattern of pasture distribution. Grazing activities which gradually
expanded to higher altitudes in the plateau over the past 300 years were also not reflected
in SAGE. It can also be seen from the TP pasture dataset that there are no grazing activities
in the north-western part of the study area as well as in the southeastern part of Tibet. But
the SAGE dataset still allocates pastures in these regions, which is also unreasonable.

3.3.2. Comparison at the Grid Scale

Because of the significant uncertainties of HYDE and KK10, we next only quantitatively
evaluate the SAGE dataset at the grid scale. In addition to allocating pastures in non-
pastoral areas, SAGE allocated too much pasture in the southwest and central parts of
Tibet, as well as in the northern and southern parts of Qinghai (Figure 6a–d). According to
statistics, in 1740, 1840, and 1950, the proportion of grids with a relative difference ratio
greater than 50% exceeded 50%, while the proportion of grids with a relative difference
ratio less than 10% was less than 10% (Figure 6e). In 1950, the pasture areas of the SAGE
and TP datasets were very similar (Figure 4 and Table 2), but the proportion of grids with a
relative difference ratio greater than 90% reached 29.8%, while the proportion of grids with
a relative difference ratio less than 10% was only 8.3% (Figure 6e), indicating that although
the SAGE dataset captures the macroscopic pattern of pasture distribution on the TP, it has
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large uncertainties at the 10 km grid scale. The data of SAGE in 2000 are remote sensing
data, and the relative difference is much smaller than that of the historical period.
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4. Discussion

In this study, we used the TP pasture dataset to evaluate the uncertainty of several
representative global historical land use spatial datasets such as HYDE and KK10 at
the regional scale regarding area estimation and spatial reconstruction. We found that
only the SAGE dataset can roughly reflect the temporal and spatial characteristics of
historical pasture changes on the TP. The HYDE3.2 and PJ datasets overestimated, and the
KK10 dataset underestimated, the pasture area for the TP dramatically. As for the spatial
pattern, HYDE3.1, HYDE3.2, and PJ overestimate the spatial scope of grazing activities.
The KK10 datasets unreasonably allocate pastures to forest areas in southeastern Tibet.
Subsequently, we discussed the reasons for these uncertainties and provided suggestions
for their improvement.

4.1. Estimation of Pasture Area

In terms of estimation of pasture area, the uncertainty likely comes from estimating
pasture area only using the population for the TP. As far as China is concerned, it has a large
population and a long farming history. For thousands of years, the growing population
has been supported by deforestation and the corresponding cropland expansion. There
is a high positive correlation between the population and cropland area. Therefore, the
historical population can be used to estimate cropland in historical periods, and the results
are generally reliable. However, China’s animal husbandry is underdeveloped compared
to Europe and the United States. Grazing activities are mainly carried out on natural
grassland, while the area of artificial pasture is very small, so there is significant uncertainty
in estimating the pasture area just by population. Klein Goldewijk and Verburg [24] also
pointed out that the pasture data in the HYDE dataset has greater uncertainty than the
cropland data.

Based on the above analysis, we suggest that when estimating pasture area in global
datasets in the future, more proxies related to animal husbandry should be used, such as
the number of livestock and the number of livestock products such as meat, milk, and
fur. These proxies directly reflect the intensity of grazing activities, so they are universal.
For example, based on the number of livestock and grazing rates, Houghton et al. [63]
calculated the pasture area for Latin America from 1850 to 1985. Petit and Lambin [64]
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used the number of livestock and the material consumption required by each livestock and
combined the productivity of the pasture to estimate the area of pasture in the Ardennes
region of Belgium from 1775 to 1929.

4.2. Spatial Allocation of Pasture Area

The HYDE, PJ, and SAGE datasets overestimated the spatial distribution of pastures
because they only considered the distribution of satellite-based grassland coverage (i.e.,
the ESA Land Cover consortium maps for 2010, the Boston University’s MODIS-derived
land cover product, and the GLC2000 data set) when determining the maximum range of
pasture and they do not consider human factors such as the distribution of population and
livestock. The natural environment in the north-western part of the study area is very harsh.
Although there is grassland coverage, it is very sparse, and the productivity is very low. It
is not suitable for grazing activities. Therefore, it is still basically a wilderness area even
nowadays. In addition, the HYDE3.2 dataset distributed a large amount of pasture in the
desert areas of northern Tibet and western Qinghai, which may be because the estimated
pasture area was unreasonably large, the grid with good suitability has been all allocated,
and the remaining pasture area can only be allocated to these areas with poor suitability.
Finally, the HYDE dataset, especially version 3.2, has a very uniform distribution of pasture
on the TP, which does not reflect the spatial heterogeneity of grazing activities on the
plateau at all, possibly also because the spatial allocation model does not take into account
the distribution of population and livestock.

The KK10 dataset only considered climate and soil properties to assess land suitability
for grazing and did not use satellite-based grassland coverage to limit the scope of grazing
activities, resulting in allocating pastures to southeastern Tibet. The southeastern part of
Tibet in China is the region with the lowest altitude and the best hydrothermal conditions in
the entire TP. Its forest coverage ratio exceeds 90%. In other areas of the plateau, the average
altitude is above 4500 m, precipitation is scarce, the temperature is low, and the soil is some
primordial soil. Therefore, if only considering natural factors such as climate and soil, the
land suitability for agriculture and pasture is high in southeastern Tibet, and is low in other
regions. As a result, KK10 allocated a large amount of land use area to southeastern Tibet.
However, that is inconsistent with reality. Southeast Tibetan has rugged terrain, frequent
natural disasters, and poor traffic accessibility. So far, it is still dominated by primitive
forest cover, and human activities are few. Therefore, it is not appropriate to assess land
suitability for grazing only by considering natural factors. Human factors such as livestock,
population, and immigration history [65] should also be considered. The TP pasture dataset
incorporated the distribution of livestock into the land suitability evaluation model, and the
results were reasonable. In addition, the spatial pattern of pasture obtained by the SAGE
dataset was consistent with the TP pasture dataset macroscopically [15], indicating that it
is a correct method to make full use of remote sensing data for historical reconstruction.

5. Conclusions

The TP pasture dataset can well reveal the temporal and spatial variation characteris-
tics of grazing activities in the TP over the past 300 years. Based on the TP pasture dataset,
we evaluated the uncertainty of pasture reconstruction in five representative global datasets,
including HYDE3.1, HYDE3.2, KK10, SAGE, and PJ. The evaluation results show that all
the global datasets cannot accurately reflect the spatio-temporal characteristics of pasture
change in the TP over the past 300 years. Relatively speaking, SAGE can roughly reflect
the pasture area and spatial distribution of the study area in the past 300 years. Therefore,
we recommend the SAGE dataset to study the impacts of grazing activities on climate
and ecosystem services. HYDE3.2 overestimated the area of pasture, and a large amount
of pasture was even allocated to wilderness regions. KK10 dramatically underestimated
pasture area and only considered climate and soil properties to assess land suitability for
grazing resulting in allocating pasture to southeastern Tibet.
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In the future, it is recommended to use more data directly related to grazing activities
to estimate the pasture area, such as the number of livestock and livestock products. The
spatial reconstruction model of the pasture should consider not only natural factors, but
also human factors related to grazing activities, including the spatial distribution of pastoral
population and livestock.

This evaluation is valuable for improving global and regional historical pasture recon-
structions in the future. In addition, the high-resolution TP pasture dataset we reconstructed
can also be used to study the climatic and environmental consequences of long-term grazing
activities.
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