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Abstract

With the intensification of climate change and population growth, human-water relationships (HWR) have changed from the
simple utilization of water resources to changing the spatial distributions and distribution proportions of water resources
through formulating corresponding policies, such as Chinese ecological civilization policy. However, the impact of the ecological
civilization policy on the evolution of HWR is still unclear. Here, taking the 600-year old “Tunpu” area as a typical study area,
this research analyses the evolution of HWR over different space and time spans based on the Remote Sensing Hydrological
Station (RSHS) technology, an improved water balance formula and the transition theory. The results show that at the village
scale, the water cycle structure of a typical village has remained stable, and deforestation has increased the proportion of runoff
to precipitation by 10.62%. At the basin scale, due to land use/cover changes and precipitation fluctuations, the trend of the
runoff changes from slowly decreasing to accelerated increases, with change rate increasing from -0.073x104 m3-a-1 in the Ming
Dynasty (1470-1636) to 30.946x104 m3-a-1 in the China stage (1949-2020). HWR have developed from the initial balanced
resource-rich period to the unbalanced extensive-development period and have finally changed into a rebalancing period under
the influence of the ecological civilization policy. Four stages of HWR are as follows: predevelopment (1470-1685), take off (1685-
1912), acceleration (1912-2000) and rebalancing (2000-2020). This research indicates that the ecological civilization policy can
rebuild HWR, and it is expected to provide enlightenment for future construction of the ecological civilization.
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Abstract: With the intensification of climate change and population growth, human-water relationships (HWR) have changed
from the simple utilization of water resources to changing the spatial distributions and distribution proportions of water
resources through formulating corresponding policies, such as Chinese ecological civilization policy. However, the impact of
the ecological civilization policy on the evolution of HWR is still unclear. Here, taking the 600-year old “Tunpu” area as a
typical study area, this research analyses the evolution of HWR over different space and time spans based on the Remote
Sensing Hydrological Station (RSHS) technology, an improved water balance formula and the transition theory. The results
show that at the village scale, the water cycle structure of a typical village has remained stable, and deforestation has increased
the proportion of runoff to precipitation by 10.62%. At the basin scale, due to land use/cover changes and precipitation
fluctuations, the trend of the runoff changes from slowly decreasing to accelerated increases, with change rate increasing from
-0.073x10* m*-a’! in the Ming Dynasty (1470-1636) to 30.946x10* m*-a! in the China stage (1949-2020). HWR have
developed from the initial balanced resource-rich period to the unbalanced extensive-development period and have finally
changed into a rebalancing period under the influence of the ecological civilization policy. Four stages of HWR are as follows:
predevelopment (1470-1685), take off (1685-1912), acceleration (1912-2000) and rebalancing (2000-2020). This research
indicates that the ecological civilization policy can rebuild HWR, and it is expected to provide enlightenment for future
construction of the ecological civilization.

Keywords: Socio-hydrology; Human-Water Relationships; Reconstruction of water cycle; Remote sensing; Ecological

civilization.
1 Introduction

Human-water relationships (HWR) have changed from the simple utilization of water resources to changing the spatial

distributions and distribution proportions of water resources through formulating corresponding policies because of the
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intensification of climate change and population growth (Li et al., 2020). For example, to change the relationship between
China's existing development model and the ecological environment, the Chinese government officially put forward the
“ecological civilization” policy in 2007 (Hansen et al., 2018; Zhang et al., 2018). To date, the ecological civilization has
become the basic ideological framework for China to develop stricter environmental policies (Zhang et al., 2018) and has had
a significant impact on China's society, citizens and national policies (Pan, 2012; Xiao and Zhao, 2017; Sha and Iop, 2018;
Lu et al., 2019). Due to the important role of water in ecosystem stability and supporting human development (Falkenmark,
2001; Ceola et al., 2016), the “water ecological civilization” has always been an important part of the ecological civilization
society (Li et al., 2020). Its purpose is to solve the shortage of water resources, deterioration of the water environment and
other water problems that are caused by socioeconomic development, so as to make human and water systems develop
harmoniously, which lead to the construction of the ecological civilization that will inevitably affect HWR (Liu and Wang,
2018; Tian et al., 2021). However, most of the studies on the water ecological civilization focus on constructing an evaluation
index system, and most of the indicators mainly consist of changes in water systems (Li et al., 2020; Tian et al., 2021; Q. Yang
etal.,2021). The impact of major ecological policies, e.g., the ecological civilization, on the evolution of HWR is still unclear.

Currently, studies on the evolution of HWR (Ahmad et al., 2018; Bao and Zou, 2018; Zhao et al., 2020; Zuo et al., 2020;
Zuo et al., 2021) are abundant, especially for those countries and areas with a long history of water resource development.
The great changes in the natural and social environments will significantly affect the evolution of HWR, which can help us
to understand the processes of water problems and are of great significance for improving the understanding of HWR in the
past and accurately predicting their possible future dynamics (Sivapalan et al., 2012; Liu et al., 2014; Liu et al., 2015).
Therefore, to overcome the limitations of studies with short-time spans that rely on detailed statistical data, some scholars
have used the historical literature and hydrological methods to study the evolution of HWR over a span of more than one
thousand years in the Tarim River Basin (Liu et al., 2014), Heihe River Basin (Lu et al., 2015), Loess Plateau of China (Wu
et al., 2020) and whole China (Wang et al., 2017). The above studies that analyse the evolution of HWR over long periods
mainly express the changes in water systems in HWR by using indicators such as temperature, dry and wet climate or
precipitation. In addition, runoff is also an important part of the water cycle process, and its amounts are affected by many
factors, such as precipitation, temperature and land use/cover change (LUCC), which more directly reflect the evolution of
HWR. Due to the difficulty of obtaining runoff data from historical periods, there are few studies on the evolution of HWR
over long periods from the perspective of runoff or water cycle processes (Lu et al., 2015).

Many areas of the world have realized the utilization of water resources and live in human-water harmony as early as
thousands of years ago. For example, in 793 AD, Charlemagne the Great of the Frankish Kingdom decided to connect the

Rhine/Main catchment and Danube catchment by constructing a canal known as the Fossa Carolina, and it could be used for
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navigation, irrigation, flood diversion, drainage and water supplies (Leitholdt et al., 2012). In the middle reach of the
Mingjiang River in Sichuan Province, China, the Dujiang Dam was initiated during the Qin Dynasty in 256 BC and has been
playing the roles of flood control and irrigation for more than 2000 years (Li and Xu, 2006). Besides, there is such a “Tunpu”
area in China's experimental ecological civilization area, Guizhou Province, which has it has its own unique culture and a
600-year history of water resources development, which makes the “Tunpu” area suitable for studying the evolution of HWR
over long periods. In 1902, the Japanese scholar, Torii Ryuzo, first discovered the “Tunpu” area and found that as far back as
600 years ago, the “Tunpu” area was inhabited by immigrants who were of Han nationality rather than of Miao nationality,
who formed a precious and characteristic “Tunpu” culture (Nie, 2017). Due to the advanced farming technology and ability
to build water conservation projects of the Han nationality immigrants, the “Tunpu” people could make full and efficient use
of their water resources, which included irrigating paddy fields at different altitudes, effectively resisting drought and flood
discharges, and providing domestic water and hydropower for the entire village (Zhang and Pang, 2007).

Therefore, taking the “Tunpu” area as a typical study area, based on the Remote Sensing Hydrological Station (RSHS)
technology and an improved water balance formula, we tried to find significant implications from the HWR in this famous
area, the main study contents of this research include the following three points: (1) The historical and modern water cycle
processes at the village scale are reconstructed; (2) Then 600 years” LUCC was also retrieved by using remote sensing and
historical data, and the water cycle processes at the basin scale are reconstructed over the past 600 years. (3) Based on
transition theory, the key time nodes of the evolution of HWR are determined, and the impact of the ecological civilization

on HWR is analysed.

2 Study area

The “Tunpu” area, with a 600-year history of water resource development, is located in Anshun city, Guizhou Province,
which is an experimental ecological civilization area in China (105.975°E - 106.366°E, 26.159°N - 26.463°N). The “Tunpu”
area is mainly located in the Yangchang River Basin, which belongs to the Wujiang River System in the Yangtze River Basin,
with a drainage area of 721.78 km?. The basin has a north subtropical monsoon humid climate, with an annual average
temperature of 14-15°C and annual precipitation of 1200-1300 mm. The presence of karst development, poor water holding
capacity and high surface water permeability in the basin cause it to be prone to soil erosion and rocky desertification (Fig.
la).

In view of the history of water resource development and utilization and the modern ecological civilization policies in
the “Tunpu” area, it is suitable for studying the evolution process of HWR over a long period. As early as 1382, the “Tunpu”
area was inhabited by many Han immigrants who came from the south part of the Yangtze River and from the Central Plains,

who were clearly different from the surrounding ethnic minorities and Han nationalities in their clothing, language,
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architecture, customs and culture, forming a precious and characteristic “Tunpu” culture (Fig. 1a). Moreover, through the
construction of water conservancy projects such as backwater weirs, "fish mouth water diversion", water-powered rollers and
water mills in “Baojia Tun” (Fig. 1b and Fig. 1c), the “Tunpu” people were able to achieve the efficient utilization of water
resources and live in human-water harmony as far back as 600 years ago. In modern times, when facing the severe situation
of tight resource constraints, serious environmental pollution and ecosystem degradation that were caused by accelerated
socioeconomic development, Guizhou Province, where the “Tunpu” area is located, the area has actively responded to the
call of the state and has implemented the construction of the ecological civilization. After 2000, key projects for the prevention
and control of soil erosion were launched, and ecological construction projects focusing on returning farmlands to forests
were vigorously promoted. After 2005, this area took the lead in making the strategic decision of building the ecological

civilization and was established as a national ecological civilization experimental area (Jiang et al., 2014).
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Figure 1. (a) Study area of this research; (b) the “Tunpu” people wear traditional costumes; (c) “Fish mouth water diversion”

of “Baojia Tun”; and (d) water powered roller of “Baojia Tun”.

3 Methods and data

(1) Reconstruction of the water cycle process at the village scale
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An improved water balance formula that considers irrigation water and domestic water is constructed. The formulas are

as follows:

P—ET — AW — DW =R 1
{ I — AET,uqq, = IB (1

where P is precipitation, m*; ET is the actual evapotranspiration, m*; A7 is the water storage variable of the basin, which can
be regarded as 0; DW refers to the total domestic water consumption, 100 L-(capita - day)'; R is the total runoff, m*; / and IB

3

are the irrigation water and irrigation backwater amounts, m’, respectively, and AET,44, is the difference between

evapotranspiration with irrigation and that without irrigation, m>.

To analyse the changes in the water cycle structure and its elements and by assuming that the precipitation is 100%, it is
only necessary to reconstruct the evapotranspiration sequence according to the land use/cover data of the two periods, and the
changes in runoff can then be obtained. To calculate the evapotranspiration, the formula for calculating the actual
evapotranspiration is based on the Budyko hypothesis that was proposed by Fu (1981). In addition, cultivated lands are divided

into paddy fields and dry lands, and the water sources for the evapotranspiration from paddy fields include not only
precipitation but also irrigation water. The formulas are as follows:
=l L Y @)
Ppagay = P +1 3)

where ET, is the potential evapotranspiration, m>; w is the basin-scale model parameter; and w was defined as 3.5 for all
land use/cover types in the arid basin, which is not applicable to the study of humid basins. Therefore, the values of w for
forestland, cultivated land, grassland and construction land are defined as 2.25, 1.7, 1.55 and 1.35, respectively; Ppqqqy is
the quantity of water resources that can be used for evapotranspiration in paddy fields, m?; I is the irrigation water amount,
and the irrigation quota is 795 mm-a™’.

(2) Reconstruction of the water cycle process at the basin scale

The water balance formula of reconstructing basin scale water cycle process is basically the same as that of village scale,
and the measured surface runoff data can be used to analyse the reliability of the runoff calculated by water balance formula.
Due to the small size of the basin and lack of continuous hydrological observation data, the RSHS technology can used to
address the difficulty of obtaining surface runoff data in ungauged basins (Yang et al., 2019; Zhao et al., 2019; Lou et al.,
2020; Wang et al., 2020; Yang et al., 2020; Wufu et al., 2021; S. Yang et al., 2021). The RSHS method uses an unmanned
aerial vehicle to assist the field survey in generating a digital river model with terrain data accuracies as small as the centimetre
level. Then, the long-time series of the river width data can be inverted according to satellite remote sensing Normalized
Difference Water Index (NDWI) data and the sub-pixel decomposition method (formula 4). Finally, based on the

Manning formula, the long-time series of the surface runoff data can be estimated by calculating hydraulic parameters such
5
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as overflow area, hydraulic radius and wetted perimeter length to a specific river width (formula 5).

( % NDWI > NDWlyp
W= Z?‘:J (Soul=NOWhr ) P4 NDW I < NDWI' < NDWlyy )
NDWIyr—NDWIip/) = VL
l 0 NDWI' < NDWI,r

' _ _k 2/3 1/2
{R(W)—VXA—nXHR X JHex A (5)

HR =L/A

where W is the average river width of the selected river valley, m; x is the total number of pixels in the selected river valley;
NDWI is the NDWI of pixel i; NDW I,z and NDW I, are the NDWI threshold of land and water, respectively; PA is the
area of each pixel, m?; VL is the length of the selected river valley, m; R’(W) is the estimated runoff corresponding to river
width W, m3; V is the flow velocity, m-s™'; k is the conversion constant, k = 1; n is the roughness, which comprehensively
reflects the impacts of the river channel roughness on river flow, n = 0.035; HR is the hydraulic radius, m; J is the slope,
measured by UAV remote sensing image; L is the Wetted perimeter length, m; 4 is the overflow area, m?; L is the wetted
perimeter length, m; HR, L, and A4 are calculated by river width and digital river model.

However, different from the reconstruction of the water cycle process at the village scale, it is necessary to consider
climate change and reconstruct the precipitation sequence year by year at the basin scale. The atlas of drought and flood
distribution in China in the past 500 years systematically reproduces the general characteristics of the annual drought and
flood distributions for the 531 years from 1470-2000 (Institute of Meteorological Sciences, 1981; Zhang and liu, 1993; Zhang
et al., 2003), and the rationality of this atlas is shown by its application in the Heihe River Basin and other regions (Ren et al.,
2010; Lu et al., 2015). After determining the drought and flood levels in the basin from 1470 to 2000 by using the atlas, the
precipitation levels for the basin area according to the measured precipitation data of the national meteorological stations from
1959 to 2000 are calculated, and the annual precipitation anomaly percentages that correspond to each drought and flood level
within an appropriate range are then determined (Table 1). In addition, the intensity of the East Asian monsoon is one of the
main factors that affects the precipitation in the basin, and the study area also experienced a small ice age (1470-1633), strong
monsoon period (1634-1950) and weak monsoon period (1951-2020) from 1470 to 2020 (Cai et al., 2001; Zhao, 2011).

Table 1. Precipitation corresponding to drought and flood levels.

drought and Annual Precipitation Anomaly Annual
Description
flood level Percentage (Feasible range) (%) Precipitation(mm)

Precipitation with long duration and high intensity, large-scale flood,
1 (Flooding) 25 (10 ~30) 1439.29
and severe typhoon disasters along the coast

Continuous precipitation with less severe disasters, local flood,
2 (Partial flooding) 10 (5~ 10) 1273.22
hurricane and heavy rain with less severe disasters in a single season

3 (Normal) Harvest or no record 0(-5~9) 1107.15

4 (Partial drought) Drought and local areas with minor disasters in a single season and 10 (-10 ~-5) 941.07
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Continuous drought for several months or cross quarter drought,
5 (Drought) -25(-30 ~-10) 775.00
large-scale severe drought

Besides, the method for calculating the evapotranspiration is generally the same as that for the village scale, and only
the part that obtains the land use/cover data is different. The LUCC before 1980 consisted mainly of transformations of
cultivated land and forestland (Pan, 2021), so if the changes in cultivated land areas are compiled, the land use/cover data in
the historical period can be reconstructed. In addition, the spatial distribution of LUCC is of great significance for studying
the evolution of HWR, and an index called the cultivated land expansion index is constructed to reflect the sequence of

cultivated land expansion. The formulas are as follows:

(CLEI = ayNHD + a;NRD + azNS

| NHD = HD/(HDyax — HDyy)

4' NRD = RD/(RDyax — RDyn) (6)
(0 0<S5<0.25

U as={]  oas<s<1

where CLEI is the cultivated land expansion index, CLEI < [0,1]; the closer CLEI is to 0, the more likely this pixel is to be
developed into cultivated land earlier; NHD, NRD and AS are the normalized habitation distance, normalized river
distance and adjusted slope, respectively; a;, @, and a3 are weight coefficients, ay = @, = a3 = 1/3; HD, RD and S
are the habitation distance, river distance and slope of one pixel, respectively; and HDyax, HDpy> RDyax and RDyy
are the maximum habitation distance, minimum habitation distance, maximum river distance and minimum river distance of
the whole basin, respectively, m.

(3) Key time nodes of the evolution of HWR

Transition theory is one of the most relevant methods to understand the evolution of socioeconomic systems and support
sustainable development management (Tabara and Ilhan, 2008; Lu et al., 2015). In this research, the per capita water resources,
human water consumption, forestland areas and populations are selected as indicators to understand the evolution of the HWR
in the Yangchang River basin over the past 600 years. Among these indicators, the per capita water resources reflect the
changes in the background conditions of water resources. Human water consumption reflects the impact of socioeconomic
development on the water cycle process. The forestland area reflects the eco-environmental quality and water conservation
capacity. The population reflects the degree of socioeconomic development. Finally, according to the directions and rates of
change of these four indicators, the HWR can be divided into four different development stages, namely, predevelopment,

take-off, acceleration and rebalancing. The formulas are as follows:

{PCWR = R/POP o
HWC = I + DW

where PCWR is the per capita water resources, m® per capital; POP is the population; and HWC is the total human water

consumption, m>.
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(4) Data collection and processing

Three types of data are collected and used to analyse the evolution of HWR (Table 2). The first category is land use/cover
data. At the village scale, the historical land use/cover data are determined by using the restored map of “Baojia Tun” (Zhou
and Xu, 2018), and the modern land use/cover data are determined by using the 2020 global 30-m land use/cover data and
unmanned aerial vehicle remote sensing images that were obtained by a DJI Mavic Air 2 drone. At the basin scale, the land
use/cover data for the historical period consist of the cultivated land areas in the study area that were sorted and estimated
from the relevant documents describing the agricultural development in Guizhou Province and Anshun city. From 1980-2020,
the China multi-period 30-m land use/cover remote sensing monitoring dataset will be used, and the years without data will
directly use the land use/cover data from the closest year. The second category consists of the data that are used to reconstruct
the precipitation and evapotranspiration levels in the water cycle process. The precipitation amounts are determined by the
drought and flood levels for the period from 1470 to 2000. Based on the measured precipitation data from meteorological
stations from 1958 to 2000, the correlation between these data and the drought and flood levels can be established. For the
precipitation data obtained from meteorological stations from 2001 to 2020, the inverse distance weight method will be used
to calculate the area precipitation levels. The Moderate-resolution Imaging Spectroradiometer (MODIS) Terra Net
Evapotranspiration product (MOD16A2.006) in the Google Earth Engine is processed to provide the annual average potential
evapotranspiration and actual evapotranspiration levels for the Yangchang River basin. The third category consists of data
that are used to analyse the evolution of HWR, which include population changes, per capita domestic water consumption
levels, and irrigation quotas, which are obtained from the literature and statistical data.

Table 2. Data sources.

Data name Date range Purpose Source
The Ming Reconstruct land
Restored map of “Baojia Tun” (Zhou and Xu, 2018)
dynasty use/cover at the
village scale
Global 30 m land use/cover data 2020 National Geomatics Center of China

Reconstruct land (Zhang, 1998; Xue et al., 2014; Chen,

Cultivated land area in historical period 1470-1980
use/cover at the 2016)
China multi period land use and land cover remote 1980, 1990, basin scale
(Xu et al., 2018)
sensing monitoring dataset (CNLUCC) (30 metres) 2000, 2005,
Atlas of drought and flood distribution in China in recent Reconstruct (Institute of Meteorological Sciences,
1470-2000
500 years precipitation 1981; Zhang and liu, 1993; Zhang et al.,
L . . China Meteorological Data
Precipitation data of meteorological stations 1958-2020
Network(http://data.cma.cn)
MOD16A2.006 Terra Net Evapotranspiration (500 Reconstruct
2001-2020 GEE
metres) evapotranspiration

Unmanned aerial vehicle low altitude remote sensing (<1
2020 DIJI Mavic Air 2
m)
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Remote sensing
Landsat-7, Landsat-8 and Sentinel-2 Surface reflectance 2001-2020 GEE
hydrological

Analyse the (Jiang, 1982; Yang, 1996; Zhang, 1998;
Population in historical period 1470-2000
evolution of HWR Chen, 2016)
Statistical Bulletin of National Economic and Social 2001-2020 China Statistical Information
China City Statistical Yearbook 2001-2020 China Statistics Press
Anshun Water Resources
Water Resources Bulletin of Anshun City 2008-2019
Bureau(http://swj.anshun.gov.cn/)

Anshun Municipal Bureau of

Statistical Yearbook of Anshun City 2012-2019

Statistics(http://www.anshun.gov.cn/zfsj)

4 Results

4.1 Water cycle process at the village scale over the past 600 years

Water cycle processes during the Ming Dynasty (1470-1636) and modern times (2020) at the village scale are analysed
(Fig. 2). Fig. 2 shows that with continuous socioeconomic development, the population of “Baojia Tun” has increased from
529 to 2870, but the water cycle structure in “Baojia Tun” has generally remained stable. The socioeconomic development
model still represents a small-scale peasant economy, and the human impacts on the water cycle process are still dominated
by irrigation water; only the precipitation percentages that are accounted for by various elements in the water cycle process
have changed.

For the evapotranspiration, the cumulative evapotranspiration accounted for 73.66% of precipitation during the Ming
Dynasty, of which the evapotranspiration levels of forest and grassland (36.21%) and cultivated land were similar (35.64%),
while the evapotranspiration level of construction land was very small (1.81%). In modern times, due to the expansion of
cities and towns and cultivated land, large amounts of deforestation have occurred, and the forestland area has been reduced
from 0.262 km? to 0.072 km?. As a result, the evapotranspiration levels of cultivated land and construction land have increased
to 43.66% and 9.82%, respectively, the evapotranspiration level of forest and grassland has decreased sharply to 9.43%, and
the total evapotranspiration has also decreased to 62.91%. Regarding the impacts of human activities on the water cycle
process, the irrigation water consumption has increased from 35.90% to 43.97%, and the amount of irrigation return water
has also increased from 27.42% to 33.59%. Although the proportion of domestic water consumption in precipitation is very
small, its range of increase is as high as 542.55%. The last factor is runoff. Because forestland is the most important water
conservation land use/cover type, the deforestation of forestland has led to runoff increases that range from 26.31% to 36.93%.
Although the total runoff has increased significantly, the surface runoff will not increase significantly due to the simultaneous

increase in irrigation water levels, which will lead to more surface runoff being converted into interflow or underground runoff.
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Figure 2. The change of water cycle processes in “Baojia Tun” from the Ming Dynasty to modern times.

4.2 Variations in water resources at the basin scale over the past 600 years

By using correction coefficients of 0.9 and 1.1 for the precipitation during the Little Ice Age (1470-1633) and strong
monsoon period (1634-1950), respectively, the precipitation, evapotranspiration and runoff time series from 1470 to 2020 are
reconstructed at the basin scale (Fig. 3a). RSHS and the measured precipitation of the weather station was used to verify the
accuracy of the reconstructed runoff and precipitation, respectively, the variation result of precipitation and runoff can be seen
in supplementary Fig.1. Under the joint influence of precipitation and evapotranspiration, the runoff exhibited a significant
increasing trend (P < 0.05), with an average annual runoff of 2.02x10® m® from 1470 to 2020 and an overall rate of increase
of 8.41x10* m*-a’!. Through a further analysis of the changes in the water cycle process in different stages, it can be found
that the runoff trend changed from a slow decrease to an accelerated increase, and the rate of change increased from -0.073x10*
m?-a’!l in the Ming Dynasty (1470-1636) to 30.946x10* m3-a™ in the China stage (1949-2020) (Fig. 3b). From the Ming
Dynasty to the Qing Dynasty (1636-1912), the annual average precipitation, evapotranspiration and runoff levels increased
by 0.239, 0.102 and 0.132x 108 m?, respectively, which indicated that the impact of human activities on the water cycle process
at this stage was still slight, and the changes in various elements in the water cycle process were mainly caused by the increased
precipitation. From the Qing Dynasty to the Republic of China stage (1912-1949), the change mode changed, mainly because
large-scale cultivated land development occurred during this stage, and the amount of forestland greatly decreased, which
thus decreased the evapotranspiration. As a result, for the condition of an annual average precipitation increase of 0.058x10%

m?, the evapotranspiration decreased by 0.051x10® m? instead, which resulted in an increase in runoff of 0.098x10® m>. In the
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Republic of China to China stage (1949-2000), for a condition of an annual average precipitation reduction of 0.227x10% m?,
the impact of human activities on the water cycle process remained stable but to a greater extent, which resulted in a 0.491x108
m? decrease in evapotranspiration and 0.239x10® m? increase in runoff. From the China (1949-2000) to China (2000-2020)
stages, due to the joint impacts of forestland restoration and construction land expansion, the impacts of human activities on
the water cycle process have changed, and the reduction in evapotranspiration that is caused by human activities has been
suppressed. The annual average precipitation and evapotranspiration levels decreased by 0.009 and 0.103x10® m?, respectively,
and the runoff increased by 0.061x10% m?.

Besides, the precipitation exhibited a periodic change trend of "decrease-increase-decrease-increase". Among them, from
1470 to 1633, there was a small ice age with a dry, cold climate, and the average annual precipitation was only 7.84x10% m?
and showed a decreasing trend with a rate of -1.35x10% m*-a'. From 1634 to 1949, there was a strong monsoon period with
a warm, humid climate and average annual precipitation of 8.09x10% m?, and the precipitation during this period exhibited an
increasing trend with a rate of 3.48x10* m*-a™!. The period from 1950 to 2020 consisted of a weak monsoon period with an
average annual precipitation of only 7.90x10® m>. Although there was a small precipitation reduction at the beginning of this
period, the precipitation also exhibited an obvious increasing trend with a rate of 16.10x10* m*-a1, which is consistent with
the increased precipitation in recent decades that is caused by climate warming.

In addition, the changes in evapotranspiration exhibited a trend of "increase-decrease". From 1470 to 1912, the annual
average evapotranspiration was 6.02x10% m®, and the evapotranspiration finally exhibited an obvious increasing trend with a
rate of 3.24x10* m*-a! due to the increased precipitation. However, the proportion of evapotranspiration for cultivated land
in the total evapotranspiration gradually increased from 1.27% to 6.52% due to the increased cultivated land area (Fig. 3c).
From 1913 to 2020, the average annual evapotranspiration was 5.66x10® m* and exhibited an obvious decreasing trend with
arate of -76.78x10* m*-a’!. This is because the decrease in evapotranspiration that was caused by human activities was greater
than the increase in precipitation, resulting in the rapid increase in the proportion of evapotranspiration of cultivated land and
construction land in the total evapotranspiration in this period, which reached maximum values of 48.48% and 1.46% in 2000-

2010 and 2010-2020, respectively.
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Figure 3. Reconstruction of the water cycle process from 1470 to 2020 at the basin scale. (a) 10-year moving average values of precipitation,

evapotranspiration and runoff; (b) changes in the water cycle process in different stages; and (c) changes in composition of the cumulative actual

evapotranspiration.

4.3 Human actions in this 600-year area

From 1470 to 1980, human activities were mainly characterised by the expansion of cultivated land, the cultivated land
area was classified, and its spatial distribution was estimated (Fig. 4a). Fig. 4a shows that until 1636 (the end of the Ming
Dynasty), the maximum cultivated land area was only 20.19 km?. By 1912, the end of the Qing Dynasty, the cultivated land

area had increased to 49.87 km?. After that, the increase in cultivated land area entered an accelerated mode and reached
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217.55 km? and 355.51 km? in 1949 and 1980, respectively. To reconstruct the spatial distributions of the cultivated land
expansions in the past 600 years and to divide these by periods, the cultivated land expansion index CLEI is calculated. The
three most appropriate thresholds were selected to cause the cultivated land area in each period to be as close as possible to
the literature results, which are 0-0.032 (20.12 km?), 0.032-0.053 (28.49 km?), 0.053-0.162 (169.31 km?) and 0.162-0.855
(137.59 km?), respectively.

From 1980 to 2020, six sets of 30-m land use/cover data obtained from the Chinese Academy of Sciences in 1980, 1990,
2000, 2005, 2010 and 2015 will be used directly, and the years without data will directly use the land use/cover from the
closest year (Fig. 4b-d). Fig. 4b-d shows that the LUCC from 1980 to 2020 consisted mainly of the expansion of construction
land that was supplemented by a few forestland restoration efforts. Among them, the area of construction land increased
slowly from 1980 to 2000 and showed a rapid increasing trend after 2000, from 75.95 km? in 2000 to 216.56 km? in 2015,
with an increase of 285.13%. For cultivated land, the area of dry land generally remains stable, while the area of paddy fields
continue to decrease, from 245.79 km? to 238.07 km?, a decrease of 3.14%. The total area of grassland decreased from 94.93

km? in 1980 to 81.00 km? in 2015, and the total area of forestland increased from 260.88 km? in 2000 to 268.77 km? in 2015.
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Figure 4. Human actions in the past 600 years. (a) The cultivated land ranges from 1470 to 1980, (b) land use/cover in 1980, (c) land use/cover
in 2000, and (d) land use/cover in 2015. The purple circles represent the areas with obvious expansions of construction land, and the circle

diameters reflect the scopes of construction land.

4.4 Evolution of HWR at the 600-year scale

Based on transition theory, the change slopes and average per capita values of the water resources, human water
consumption, forest areas and population in the Yangchang River Basin from 1470 to 2020 are analysed. The results show
that the HWR continued to develop from the initial balanced resource-rich period to an unbalanced period with extensive
development and finally to a rebalancing period, which can be divided into the following four stages: predevelopment (1470-
1685), take off (1685-1912), acceleration (1912-2000) and rebalancing (2000-2020) (Fig. 5).

The predevelopment stage (1470-1685) occurred from the mid-Ming Dynasty to the early Qing Dynasty. For this stage,
the socioeconomic development level of the basin is slow, the water and forest resources are rich, and the overall degree of
human development of water resources is low. This stage belongs to a balanced resource-rich period of HWR. In detail, the
population growth is slow (16 people-a'), and the per capita water resources exhibit a rapid decreasing trend (Pcwr k; = -
0.059 thousand m®) under the influence of precipitation change and population growth. The short period of growth of the per
capita water resources was due to the population decline from 1620 to 1637, when there were frequent wars during the change
in dynasties (Sheng et al., 2019). However, the per capita water resources are relatively abundant, with an average of 27.50
thousand m>-(capita-year) . Although the human water consumption showed an insignificant increasing trend (Hwc k; =
0.0003x10® m?), the average annual human water consumption was 0.13x10% m®, which accounted for only 7.04% of the
average runoff at this stage. At the same time, the basin was rich in forest resources, with an average forest area of 599.93
km?, which accounted for 83% of the total basin area, and the decreasing trend is not obvious (Fa_k1 = -0.92 km?).

The take-off stage (1685-1912) occurred in the middle and late Qing Dynasty. With the decrease in warfare and gradual
stabilisation of society, the level of socioeconomic development begins to increase during this stage, the human impact on the
water cycle process is still slight, and the water resources and forest resources are still at relatively rich levels, but the HWR
began to shift towards an imbalance. At this stage, the population began to increase (106 people-a!). Although the decline
rate of the per capita water resources was slightly lower than that of the predevelopment stage due to the increased
precipitation that was caused by the strong monsoon period during this stage (Pcwr_k, = -0.041 thousand m?), its average
value was 8.70 thousand m*-(capita-year) !, which was only 31.65% of the value during the predevelopment stage. To meet
the food needs of the increased population, the area of cultivated land expanded to a slight extent, which resulted in the
increase rate of human water consumption being 300% of that of the predevelopment stage (Hwc ki = 0.0009x10® m?), but

14



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

its proportion of runoff is only 17.29%. Although the forest resources have decreased slightly, they are still relatively abundant.
The forestland area accounts for 79.45% of the total basin area on average, but its reduction rate is 415.22% of that of the
predevelopment stage (Fa_k = - 3.82 km?).

The acceleration stage (1912-2000) occurred during the transition from the Republic of China to the new China. Due to
the changes in the socioeconomic system and liberation of productive forces, socioeconomic development has accelerated in
an extensive manner, the utilization degree of water resources has reached a high level, and the amount of water resources in
the basin will have difficulty supporting higher-intensity development. Meanwhile, with the reduction in forestland, the
quality of the ecological environment increasingly declined, and the HWR entered an imbalanced stage. At this stage, the
population growth rate increased further (1711 people-a™'), which resulted in a faster decrease in per capita water resources
(Pcwr ks = -0.048 thousand m?), and the average value decreased to only 2.94 thousand m*-(capita-year) . Due to the surge
in cultivated land irrigation and human domestic water demand, human water consumption increased rapidly (Hwc ks =
0.0219x10® m®), which accounting for 61.06% of the total runoff on average, and reached a maximum value of 102.69% in
1985. Meanwhile, to provide the necessary land for the expansion of cultivated land and construction land, the forestland area
decreased at a very rapid rate (Fa_ks; = -70.52 km?) and reached the lowest value of 244.47 km? in 1999.

The rebalancing stage (2000-2020) occurred in the China period. Due to the influence of ecological and environmental
protection policies such as the ecological civilization, the basin has maintained a rapid level of socioeconomic development
but also considers the protection of water resources and restoration of the ecological environment. As a result, the ecological
civilization rebuilds HWR and causes them to transition to a rebalancing stage with high consumption and high output. At
this stage, the population growth rate reached its highest level (2737 people-a™!). Although the average per capita value of
water resources has been as low as 1.12 thousand m*-(capita-year) !, its decreasing trend has been alleviated to some extent
(Pcwr k4 =-0.006 thousand m?). Due to the reduced area of cultivated land, human water consumption exhibited a significant
decreasing trend after increasing in the first three stages (Hwe_k4 = -0.0021x10® m?) and accounted for 83.84% of the runoff
on average, which means that the Yangchang River basin relied on less water to feed more humans than before. At the same
time, the forest area also exhibited an upwards trend for the first time (Fa_k4 = 1.11 km?), which also means improved eco-

environmental quality and soil and water conservation capacity.
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Figure 5. Division of the evolution stages of the HWR from 1470 to 2020. The per capita water resources and human water consumption are

shown as 10-year moving averages.

5 Discussion

5.1 Why has the water cycle process remained stable at the village scale over the past six centuries?

Although the population and construction land area of “Baojia Tun” have been growing continuously over the past 600
years, the socioeconomic development mode is mainly a small-scale peasant economy, resulting in the water cycle structure
remaining basically stable. Human water consumption is still dominated by irrigation water, but the percentages of the various
elements in the water cycle process in the precipitation have changed (Fig. 2). From the LUCC of the whole basin, the
cultivated land area in the basin has increased significantly since 1470 (the Ming Dynasty). Except for the large-scale
expansion of construction land around cities and towns after 2000, the LUCC around other small residential arecas are similar
to those around “Baojia Tun”, so the socioeconomic development mode in the basin is still dominated by a small-scale peasant
economy. Therefore, it can be inferred that the mode of human influence on the water cycle process in the basin has not
changed, and the water cycle process in “Baojia Tun” can be extended to the study of the evolution of HWR at the basin scale.

The main reasons why the water cycle process in the “Tunpu” area has generally remained stable include natural factors
and cultural factors. Among them, the natural factors are mainly related to the fact that the “Tunpu” area, Yangchang River
basin, is located in the Anshun Plain, with open terrain, fertile soil and excellent climatic conditions. "There is seldom hot
summer and cold winter", which is suitable for the growth of crops. Therefore, the “Tunpu” area has always been an important

grain production region in Guizhou Province (Chen, 2016). The specific cultural factors that are mainly present the “Tunpu”
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culture itself have academic study value and cultural value. To fully protect the “Tunpu” villages, the local government mainly
focuses on the development and construction of industries such as culture and tourism by using “Tunpu” villages, which leads
to the fact that the socioeconomic development mode of the entire basin is still dominated by a small-scale peasant economy,

and no large-scale industrial developments have been carried out (Chen, 2018).

5.2 What are the driving forces of the runoff changes at the basin scale?

From 1470 to 2020, under the joint impacts of climate change and human activities, the runoff trend changed from a
slow decrease to an accelerated increase, and the rate of change increased from -0.073x10* m*-a’! in the Ming Dynasty (1470-
1636) to 30.946x10* m*-a’! in the China period (e.g., 1949-2020) (Fig. 3). Regarding climate change, precipitation has the
greatest impact on runoff, and there is an obvious positive correlation between precipitation and runoff (R? = 0.86), which is
consistent with the existing research conclusions (Yuan et al., 2019; Jiang et al., 2021). In addition, human activities can be
divided into irrigation water intake and LUCC. To determine the extent of the impacts of different human activities on the
water cycle process, runoff calculations under the influence of different human activities can be conducted by controlling the
land use/cover or irrigation water volume (Fig. 6).

Fig. 6 shows that the increased runoff in the basin results from the offsetting impacts of two different human activities
on the water cycle process, and the increased runoff caused by LUCC is greater than the decreased runoff caused by irrigation
water intake. Under the scenario of only considering the LUCC, from 1470 to 2020, the change rate of runoff increased
significantly from 4.41x10* m*-a™! to 14.8x10* m*-a’!. Meanwhile, the LUCC in each stage lead to runoff increases, but their
impacts are different: from the predevelopment to acceleration stage, the degree of impact of the LUCC gradually increases
from 2.10% to 32.26%, and the LUCC modes consist mainly of the transformation from forestland to cultivated land, which
will reduce the total evapotranspiration during this period and increase the runoff (Du et al., 2018). In the rebalancing stage,
the impact degree of the LUCC in the rebalancing stage is only 22.82%, and the main LUCC modes consist of the expansion
of construction land and restoration of forestland, which will significantly increase the runoff levels due to the impermeability
of construction land and the increased evapotranspiration of forestland (Zhao et al., 2016).

Then, under a scenario that considers both LUCC and irrigation at the same time, from 1470 to 2020, the change rate of
runoff decreased significantly from 14.8x10* m*-a™! to 8.41x10* m*-a’!. It can be also found that irrigation always causes
reductions in runoff, and the impact of irrigation gradually increased from -1.72% in the predevelopment stage to -18.97% in

the rebalancing stage due to the continuous increase in the average cultivated land area.
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Figure 6. (a) Runoff under the influence of different human activities; and (b) impact rate of different human activities on the runoff.

5.3 How does the policy rebuild HWR?

The HWR that developed from the initial balanced resource-rich period to the unbalanced period of extensive
development finally began to transform to the rebalancing period after 2000 (Fig. 5). The reason for the rebalancing of HWR
is mainly because China recognizes that the extensive development mode is unsustainable and needs to complete the
transformation from an industrial civilization to the ecological civilization (Pan, 2012; Lu et al., 2019). In this regard, Guizhou
Province, where the “Tunpu” area is located, has responded positively and taken a series of measures. For example, in 2000,
Guizhou Province vigorously promoted an ecological construction project that focused on the Grain for Green project. In
2007, it established a strategy of "building a province with environment" and took the lead in making the strategic decision
of building the ecological civilization in China. In 2012, the construction of an important ecological security barrier in the
upper reaches of the "two rivers" will be one of the five strategic positions of Guizhou in the future. In 2016, Guizhou Province
was established as a national ecological civilization pilot area (Jiang et al., 2014). These policies are not just slogans or visions
but are real ongoing processes (Pan, 2012).

Taking the earliest Grain for Green project as an example, since its launch in 2000, Guizhou Province has completed the
task of the Grain for Green project of 204.72 thousand km?, and the forest coverage rate in the entire province has increased
from 22.8% in 1975 to 59.95% in 2020. The value of the annual ecological benefit that was created by the Grain for Green
project reached 84.072 billion yuan. The soil erosion modulus decreased from 3325 tons per km?-a™! in 2000 to 631.4 tons per
km?-a’! in 2017, which was 72% lower than that before the Grain for Green project (Xiao et al., 2015; Zhang & Yang, 2021).
By combining satellite remote sensing (MOD13A1.006 Terra Vegetation Indices, 500 m), aerial remote sensing and unmanned

aerial vehicle remote sensing, we can more clearly observe that the Yangchang River basin is turning green (Fig. 7). For the
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entire basin, the average Normalized Difference Vegetation Index (NDVI) exhibited an obvious upwards trend with a rate of
0.002/year from 2001 to 2020 (P < 0.05), which indicates that the entire basin is turning green, which is consistent with the
previous land use/cover results and relevant policies. In terms of the spatial distribution, the NDVIs of 79.04% of the areas in
the basin exhibit an increasing trend and are mainly distributed in the middle and south portions of the basin. The land
use/cover types in these areas consist mainly of cultivated land, forest and grassland, which are the main areas for the Grain
for Green project. By comparing the aerial remote sensing images and unmanned aerial vehicle remote sensing images of
areas (a) and (b) shown in Fig. 8, it is clear that the conversion from sloping farmland to forestland has significantly improved
the level of forestland coverage. Meanwhile, the remaining 20.96% of the areas with decreased NDVIs are mainly distributed
near the large cities and towns in the basin, where the expansion of construction land was concentrated in the basin from 2001
to 2020. However, the transformation from cultivated land to forestland can still be clearly found in the images of areas (c)
and (d), as shown in Fig. 8. At the same time, the low-coverage grasslands on the mountains are also changing to forestland
with high coverage. This demonstrates that whether in natural areas or areas with human activities, while promoting
socioeconomic development, the entire basin is also paying attention to restoring the ecological environment. The ecological
civilization can rebuild HWR and cause it to gradually transition to a rebalancing stage from 2000 to 2020, which is similar
to the conclusions of studies of the Tarim River Basin (Liu et al., 2014), Heihe River Basin (Lu et al., 2015) and Loess Plateau

(Wu et al., 2020).

19



425
426

427

428

429

430

431

432

433

434

435

436

Annual change rate of NDVI N NDVI change rate

I (-0.008) - (-0.006) -0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008
[ (-0.006) - (-0.004) J...' 1.0 —! L 0
[ (-0.004) - (-0.002) 51 % 0.37 W—

[1(:0.002)- 0 0.9 ' 5.54 ’
[10-0.002

[7710.002 - 0.004 <

[ 0.004 - 0.006
I 0.006 - 0.008

L 40

Frequency (%)

< - 60

- 80

(b):1980
s

Figure 7. Vegetation restoration under the Grain for Green project in the rebalancing stage. The area outlined by the red line

is the approximate area of vegetation growth.

5.4 Validation of the method for reconstructing water cycle process over the past 600 years

The water cycle process at the basin scale in the past 600 years is reconstructed, and then the reliability analysis will be
carried out from the perspective of runoff and precipitation. Firstly, based on RSHS and multi-source remote sensing data
(Landsat-7, Landsat-8, Sentinel-1, Sentinel-2), the digital river model was constructed (Fig.8a and 8b) and the surface runoff
from 2001 to 2020 was calculated, and then compared with the reconstructed runoff from 2001 to 2020 (Fig.8c). It can be
found in Fig.6a-c that the accuracy of surface runoff estimated by RSHS is reliable. The multi-year average runoff calculated
by RSHS and water balance formula is relatively close, which are 2.80 and 2.37x10® m®, respectively. Besides, through the
correlation analysis chart, it can be found that there is an obvious positive correlation between the two (R*=0.61, P < 0.05),

indicating that the flow calculated by the water balance formula has the same change trend as the surface runoff calculated by
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RSHS, which can reflect the change trend of water resources in the basin to a certain extent. Nevertheless, the total runoff
calculated by the water balance formula fluctuates greatly and is sometimes less than the surface runoff calculated by RSHS.

This is mainly because the water balance formula ignores the interannual water storage change of the basin by setting the

water storage variables of the basin to 0 for every year.

Then, by comparing the measured precipitation and the precipitation simulated by the drought and flood level distribution
map in Atlas of drought and flood distribution in China in recent 500 years from 1959 to 2000 (Fig.8d), it can be found that
there is a good positive correlation between them, and the Nash efficiency coefficient reaches 0.57. Meanwhile, in the graph
of correlation analysis, all points are distributed around the 1:1 line, the slope of linear fitting is 0.93, and R*> = 0.62. This

shows that using the drought and flood levels in the atlas to simulate the precipitation in historical periods is reliable, and the

precipitation corresponding to each drought and flood level is set reasonably.
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Figure 8. Reliability analysis of runoff and precipitation. (a) Digital Surface Model and section position; (b) river cross section elevation and

hydraulic parameter result of the UAV measurement time (2020/11/04); (c) comparison between surface runoff calculated by RSHS and the

runoff calculated by the water balance formula; and (d) comparison between measured precipitation and simulated precipitation.
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6 Conclusion

By combining the historical literature, statistical data and multisource remote sensing data and taking the “Tunpu” area,
Yangchang River Basin with a 600-year history of water resource development in Guizhou, China, as a typical study area,
this research analyses the evolution of the HWR in different space and time spans over the past 600 years based on the RSHS
technology and an improved water balance formula. Then, based on transition theory, the key time nodes in the evolution of
HWR are determined, and the impacts of the ecological civilization on the HWR are analysed. The main conclusions are as
follows:

At the village scale, the water cycle structure of the typical villages remained mostly stable from the Ming Dynasty to
modern times, and the deforestation that was caused by the expansion of towns and cultivated land increased the proportion
of runoff in precipitation by 10.62%. At the basin scale, the runoff trend changed from a slow decrease to an accelerated
increase from 1470 to 2020, and the change rate increased from -0.073x10* m*-a”! in the Ming Dynasty (1470-1636) and
gradually increased to 30.946x10* m*-a’! in the China stage (e.g., 1949-2020), which was due to the LUCC transformations
from cultivated land expansion to construction land expansion and forestland restoration, as well as the impact of fluctuating
precipitation increases. The HWR have developed from the balanced initial resource-rich period to the unbalanced period of
extensive development, and have finally transformed into a rebalancing period under the influence of the ecological
civilization policy. The four stages are as follows: predevelopment (1470-1685), take off (1685-1912), acceleration (1912-
2000) and rebalancing (2000-2020).

This research indicates that the ecological civilization policy can rebuild HWR and cause a transition to the rebalancing
stage, and this policy is expected to provide enlightenment for future water resource management efforts and for the
construction of the ecological civilization to further achieve the harmonious development of humans and water. Also, in
addition to irrigation water and domestic water, factors such as warfare, human beliefs and consciousness that are proposed

in the social sciences can affect the evolution of HWR, which need to be conducted in future studies.
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