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Abstract: The Pearl River is one of China’s large rivers, the second-largest river and the fourth-
longest river in China. Its unique geography, landform, and climate conditions create unique
fluvial geomorphological processes. Affected by human activities and climate change, the fluvial
geomorphological processes in the Pearl River Basin have undergone significant changes in recent
decades, seriously affecting the river’s sustainable development. This paper critically reviews changes
in fluvial geomorphological processes and analyzes influencing factors in the Pearl River Basin with
a focus on possibilities for policy overhaul and strategic adjustments.
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1. Introduction

Due to the increasingly dramatic impacts of global climate change and human ac-
tivities, the ecological balance characterized by the material and energy cycles via fluvial
geomorphological processes has received widespread attention in recent decades [1-3].
Rivers are a primary component in fluvial geomorphological cycles; they serve as important
sources of water resources and critical functions for terrestrial ecosystems [4,5]. Under-
standing the new status in fluvial geomorphological processes is valuable in mitigating
natural hazards such as floods and droughts, as well as assessing the anthropogenic impact
on natural ecosystems [6]. Asia is one of the most densely populated regions on the Earth.
The influence of human activities on fluvial geomorphological processes is particularly
pronounced in Asia, with China’s large rivers being the most representative [7].

The Pearl River is one of the large rivers in China, composed of the West (Xijiang)
River, North (Beijing) River, East (Dongjiang) River, and the Pearl River Delta (PRD). It
spans six provinces in China, namely Yunnan, Guizhou, Guangxi, Guangdong, Hunan, and
Jiangxi provinces, as well as the special administrative regions of Hong Kong and Macao
and an extremely small northeastern part in Vietnam [5,8]. The total area of the Pearl River
Basin (PRB) is 45.37 x 10* km?, with 44.21 x 10* km? in China [9]. The Pearl River ranks
as the second-largest river and the fourth-longest river in China [10]. The main stem of
the Pearl River is the West River, originating from the eastern foothills of the Wumeng
Mountains in the Qujing Prefecture of Yunnan province. Flowing from west to east, it
traverses Yunnan, Guizhou, Guangxi, and Guangdong provinces, with a total length of
2075 km and a drainage area of 35.31 x 10* km? (Figure 1). Major tributaries include the
Beipan River, Liu River, Yu River, Gui River, and He River. Another major tributary, the
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North River, originates from the Xiaomao Mountain in Xinfeng County, Jiangxi Province.
It flows through the provinces of Hunan, Jiangxi, and Guangdong, with a total length
of 468 km and a drainage area of 4.67 x 10* km?. Major tributaries include the Wushui
River, Lian River, and Sui River. The West River and North River converge at Sanshui
District in Foshan (Figure 1b), Guangdong Province. The third major tributary, the East
River, originates from the Yajiboshan Mountain in Xunwu County, Jiangxi Province, and
flows southward into Guangdong Province. It has a total length of 520 km and a drainage
area of 2.70 x 10* km?. Major tributaries include the Xinfeng River and Xizhi River. The
PRD, situated in the downstream area, exhibits a dense network of waterways and intricate
channels, covering a drainage area of 2.68 x 10* km?2. With nearly 100 small creeks, it forms
a typical subtropical river delta [11,12].
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Figure 1. (a) Geographical configuration of the Pearl River Basin, (b) nine cities and two special
administrative regions in the Pearl River Delta, and (c) main outlets in the Pearl River Estuary. The
PRD, serving as an individual study unit, encompasses 11 cities, as depicted in (b). It constitutes the
study area for numerous research endeavors mentioned in this paper. Its delineation is primarily
driven by economic considerations rather than geographical considerations, as will be discussed in
Section 3.1.1. In this study, the term “PRD” refers to the region depicted in (b).
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The increase in extreme precipitation events can lead to changes in fluvial geomorpho-
logical processes, which are particularly pronounced in tropical and subtropical regions.
The PRB is situated in a subtropical zone with a mild and monsoon climate. The average
annual temperature ranges from 14 to 22 °C, with average annual precipitation from 1200
to 2200 mm [13]. From 1954 to 2022, the annual average water discharge in the PRB reached
over 290 billion m?, with an annual average sediment load of over 66 million tons [14].
The temporal distribution of water discharge and sediment load is uneven, with high
observations in the wet season, typically from April to September, contributing approxi-
mately 80% of the annual water discharge [15,16] and 91% to 95% of the sediment load.
Because of the uneven distribution, the PRB often experiences frequent water and drought
disasters [17,18]. Issues such as soil erosion and karst rocky desertification are prominent,
leading to a decline in water quality and degradation of the basin ecosystem. Severe soil
erosion, covering an area of 79,928 km? [19], is mainly in the middle and upper reaches.
The substantial soil erosion and karst rocky desertification have created various issues
in ecological security, food security, flood control, and human settlement safety in the
basin. Consequently, governance, development, and protection remain quite challenging
tasks [20,21].

In addition, there is an extreme imbalance in economic development within the basin.
Provinces in the upstream regions, such as Yunnan, Guizhou, and Guangxi, experienced
relatively slow economic growth. In contrast, the downstream PRD region saw a fast
economic development and stands as one of China’s three major megaregions benefiting
from the national policy of Reform and Opening Up. It is also recognized as a world-
class center for advanced manufacturing and modern service industries. However, rapid
economic development has also brought various challenges, including the deterioration of
the river environment and human settlement environment [22].

The PRB, with a total population of 118 million, is one of China’s densely populated
areas, which needs substantial natural resources and thus may exert a highly complex
influence on the river environment. Activities related to basin governance and development,
such as the construction of reservoirs, river channelization, embankment construction, and
sand mining, can also alter the basin’s runoff and hydrological processes. Moreover, the
basin is experiencing an increased frequency of floods, droughts, and other natural hazards
due to climate change, posing higher challenges in flood control and drought prevention
and thus hindering the pursuit of rapid and sustainable socio-economic development [23].

In the past few decades, significant changes in fluvial geomorphological processes have
occurred in the PRB. Understanding these changes is crucial for promoting the sustainable
development of the Pearl River. Currently, the new status of hydrogeomorphic processes in
the PRB under the dramatic impacts of global climate change and human activities is still
not clear. It is necessary to provide a comprehensive review of such processes and identify
the issues to propose possible policy adjustments in river management. This information
is pivotal in promoting flood protection and hazard mitigation, ensuring water security,
protecting water resources, restoring ecological balance, and achieving integrated basin
management in the PRB.

2. Changes over Recent Decades

The wet season in the PRB spans from April to September, while the dry season extends
from October to March of the following year. The seasonal distribution of precipitation
significantly influences the water discharge and water levels of rivers throughout the
entire basin. Based on long-term monitoring data from hydrological stations, previous
studies have found that over the past few decades, there has been a reduction in the
difference in water discharge between the wet and dry seasons in the PRB. Specifically,
there has been a slight decrease in water discharge during the wet season, concurrent
with a significant increase during dry seasons [24-27]. However, no statistically significant
changes in interannual water discharge have been identified [28-31], except for a declining
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trend observed in the northern part of the West River Basin (WRB) in the Liu River and the
southwestern Nanpan River [32].

The Pearl River is characterized by a relatively low sediment load among China’s
seven large rivers. Sediment concentration tends to be higher in the west than in the east
and the northwest than in the southeast. Tributaries with high sediment concentration,
such as the Nanpan River, Beipan River, Hongshui River, and Yu River, are all located in the
WRB. Unlike the relatively consistent stability in water discharge, sediment load displays
notable variations over different periods. From the 1950s to the mid-1980s, visible increases
in sediment load were observed in the estuarine zones of the West River and North River,
notably between the late 1970s and the mid-1980s [23,24]. However, since the mid-1980s,
there has been a distinct decline in sediment concentration [16,33-35] and a faster reduction
from the 1990s to the early 21st century [31,34,36]. The East River Basin (ERB) has also
experienced an overall decrease in sediment load since the 1960s [29,37]. Several studies
conducted in the Pearl River Estuary (PRE) have reported a consistent decline in suspended
sediment concentrations (55C) in recent decades [38—44]. This decline significantly increases
estuarine erosion and alters the coastal geomorphology of the PRE. The variations in both
water discharge and sediment load across the entire basin are influenced by multiple factors,
broadly categorized as anthropogenic and natural ones. This section aims to provide a
detailed analysis of these impacts.

2.1. Human-Induced Changes
2.1.1. Land-Use Change

Previous studies on land-use/cover change (LUCC) across the PRB have identified a
common trend over recent decades. With the development of urbanization, a large amount
of cropland has been reclaimed for build-ups. The total area of grassland and forestland
initially decreased, followed by an increase after 2000, but overall, both have reported a
net decrease. Unused land remained decreasing. Previous studies also revealed [45] that
the decrease in grassland mainly happened in the northwestern part, but the decrease in
cropland was mainly observed in the central part as well as in the coastal and delta areas.
The increase in build-ups was concentrated in the PRD (Figure 2). To be specific:

In the WRB, cropland and forestland in Guangxi Province (Figure 1) accounted for
about 88% of the province’s total area [46], which decreased substantially during 2005-2015.
Build-up land increased rapidly, which was the fastest change in land use during this period,
and it was mainly transferred from cropland. The total area of waterbody, grassland, and
barren land also increased. In the past 20-30 years, studies on LUCC in Yunnan Province
(mainly distributed in the Nanpan River basin) and Guizhou Province [47—-49] found
that cropland and forestland accounted for the largest proportion in land uses, but their
areas tended to decrease. On the contrary, the build-up area has increased rapidly, with
a significantly higher growth rate from 2010 to 2020. Other land uses have undergone
relatively minor changes.

In the ERB, forestland is still the most important land-use type, accounting for a
constant share of over 58% from the 1970s to the beginning of the 21st century [50]. As
changes in the WRB, there has been a continuous decline in cropland in recent years. Build-
up land area has steadily increased [51,52] and experienced the fastest growth among all
land-use types, which primarily came from forestland, cropland, and unused land [51].

Likewise, in the North River Basin (NRB), forestland is also the predominant land-
use type, encompassing over 63% of the basin’s total area, while cropland makes up
approximately 20% [53]. From 2000 to 2015, both cropland and forestland witnessed a
decline, with a total reduction of 3.5% in forestland and approximately 4.45% in cropland.
Changes in grassland and water bodies were relatively inconspicuous. Similarly, built-up
land has expanded significantly during the same period. In 2000, built-up land accounted
for approximately 3.96% of the North River Basin, while in 2015, the proportion reached
7.23%, marking an increase of 82.93%.
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Figure 2. Land-use type transformation network in (a) WRB, (b) NRB, (c) ERB, and (d) PRD. (data
from Ref. [54]).

Owing to the consistent economic importance, cities in the PRD exhibited a similar
trend in land-use change. From the late 20th century to the first two decades of the
21st century, LUCC in PRD cities has shown a significant expansion in build-up land
accompanied by rapid decreases in cropland and forestland [55-57]. The proportion of
build-up land increased from 5.47% in 1990 to 14.56% in 2020 [57], with a loss of 31.74%
of cropland from 1990 to 2006. Forestland remains the dominant land use in the PRD,
constituting over 53% of the total area, but the majority of forestland is located in the outer
PRD (Zhaoging, Huizhou, and northern Guangzhou areas) instead of the central PRD [58].
The areas of waterbody and grassland fluctuated, with a decreasing trend similar to unused
land. The changes in build-up land and cropland are statistically negatively correlated [59].
During the period from 2010 to 2015, the rate of expansion of build-up land slowed down,
but during this period, there was also an increase in urbanization based on unused land.

Changes in land use can alter hydrological processes, consequently impacting soil
erosion, especially in the areas with the reduction in forestland [60,61]. Over the past
few decades, forestland has undergone an initial decrease followed by an increase in
the PRB. Previous studies [62] indicate that during the period from 1990 to 2020, soil
erosion in the PRB exhibited a decreasing trend, with an annual reduction rate of 13.44
(1.53) t/(km?-a). Soil erosion primarily occurs in the western tributaries of the West River,
especially in the areas with slopes greater than 15°, low vegetation cover, and inadequate
forest management.
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2.1.2. River Channel Alterations

The PRB has numerous tributaries, and over the years, the river channels have under-
gone varying degrees of modifications. Since the mid-1980s, dramatic channel downcutting
has occurred in the lower reaches of the West River and North River [11,16,63-66]. The
average channel downcutting depths are 0.59 to 1.73 m and 0.34 to 4.43 m, respectively [11].
The West River and North River converge at Sanshui District, Guangdong Province. The
downcutting in the North River is greater than in the West River, leading to a significant
increase in the diversion ratio at the confluence of the three rivers at Sanshui District—this
results in water supply initially from the North River as a provider to the West River
shifting to water acquisition from the West River as a provider to the North River [65].
Since the 1990s, substantial downcutting also occurred in the lower reaches of the East
River, with an average depth ranging from 1.77 to 6.0 m, surpassing that of the West River
and North River [11]. Despite the unclear trend in water discharge changes in Pearl River’s
three major tributaries, the downcutting of river channels has significantly lowered water
levels downstream in the three major tributaries [24,63,67-69]. Additionally, fluctuations in
sediment load and water discharge contribute to sedimentation and erosion along different
sections of each tributary, with erosion being a common phenomenon in the lower reaches.
For example, the middle and lower reaches of the East River experienced siltation under
previous natural conditions. The annual accumulated sediment transport volume reaches
280.66 million m? per year. However, from 2003 to 2009, the riverbed underwent significant
downcutting with an average erosion depth of 1.9 m [70]. In the middle reaches of the
North River, the area of sandbars increased 19.75 km? from 1975 to 1984. However, after
1988, the area decreased rapidly, and some sandbars at the lower end were eroded, resulting
in a widening of the river channel [71,72]. Changes in siltation and erosion have led to
channel shifts and water flow alterations, primarily occurring in sections adjacent to urban
areas, such as the lower reaches of the North River and the Huizhou section of the East
River (Figure 3).

Figure 3. Satellite images of parts of the East River and North River obtained from Google Earth.
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The PRD is characterized by a highly branched, tree-like river network with frequent
bifurcations and mergers [12]. The temporal variation in water discharge and sediment
load within the delta is primarily influenced by the redistribution of upstream water and
sediment [64], exacerbating changes in the PRD river network. Since the mid-1980s, there
has been an overall uneven downcutting in the river channels of the PRD [73], with cross-
section narrowing and deepening [74-76]. The downcutting became more evident from
the 1990s to the early 21st century, leading to a dramatic decrease in water levels [11]. Due
to human activities such as land reclamation and the construction of embankments and
sluice gates, the coastline of the PRE has continued to extend seaward [77]. Between 1976
and 2006, the average annual extension was approximately 20 m [78]. This extension is
manifested near the estuary as the narrowing and elongation of river channels, with typical
areas near Modaomen and the northern part of Lingding Bay (Figure 1c) [79-81].

2.1.3. Reservoir and Dike Construction

Since the 1950s, over 9000 reservoirs have been constructed in the PRB, collectively
holding approximately 21% of the basin’s annual runoff [82]. Among these, 72 are large
reservoirs (storage capacity > 100 million m?), with 36 located in the WRB. The two largest
reservoirs in the WRB, Tianshengqiao Reservoir (completed in 1997) and Longtan Reservoir
(completed in 2006), have capacities of 10.8 billion m® and 27.3 billion m?, respectively.
In the NRB, the total storage capacity of large reservoirs has exceeded 5 billion m3, with
Nanshui Reservoir (constructed in 1971) and Feilaixia Reservoir (completed in 1999) having
capacities of 1.243 billion m> and 1.95 billion m3, respectively. Additionally, the ERB
possesses three major regulating reservoirs—Xinfengjiang, Fengshuba, and Baipenzhu—
constructed in 1962, 1973, and 1985, respectively, with storage capacities of 13.896 billion m3,
1.94 billion m3, and 1.22 billion m?, respectively [37,83] (Figure 4).

Most of the dikes in the middle and upper reaches of the PRB were constructed
between the mid-1950s and the 1970s, primarily consisting of small-scale dikes. In the
absence of effective flood storage reservoirs, dike construction served as the principal
defense infrastructure against frequent floods. Key dike constructions included the Zhanyi,
Qujing, and Donghedi projects along the Nanpan River in the upper reaches, while the
middle reaches featured the Yongjiang dike project along the Yu River and the Sidan dike
project along the Xun River. Downstream in the PRD, major dike construction includes the
Beijiang, Zhongshun, and Jiangxinlian dike projects (Figure 4). Given the intricate river
network and proximity to the South China Sea, large-scale construction projects on dikes
and sluices were crucial in mitigating floods. Between 1949 and 1976, more than 10,000 low-
rise riverine and coastal dikes in the PRD were connected, forming 494 sections [84]. This
enables water drainage downstream within the dikes, facilitating separate flood prevention
and drainage irrigation. It concentrates the flow regulation, carrying sediment to the
estuary while also bolstering defenses against coastal saltwater erosion.

The construction of dikes and reservoirs on rivers has direct implications, leading to
nonlinear alterations in river runoff and sediment load dynamics [43]. These alterations
often display a long time lag before the impacts are evident. Reservoir construction causes a
decrease in maximum annual water discharge while significantly increasing the minimum
water discharge. Interannual changes in water discharge are predominantly influenced by
precipitation, without apparent impacts from reservoir construction [16,40,63,64]. However,
alterations in sediment load in the mainstreams primarily result from large reservoirs
or dams, while tributaries” sediment changes mainly from extreme climatic events and
soil conservation measures [85]. Post-1990s, the effects of reservoir construction and soil
conservation practices have surpassed the impacts of deforestation, significantly reducing
sediment load in lower reaches [29]. For instance, after the closure of the Yantan Dam on
the Hongshui River in 1992, the annual sediment load at the downstream Qianjiang station
decreased by 27.6 Mt/a (58.7%) from 1992 to 2002 compared to the previous period of
1989-1991 [40]. Since the closure of the Longtan and Baise reservoirs in 2006, sediment load
in the Pearl River has decreased by 70% compared to the 1950s to the 1980s [30]. Overall,
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tributaries, sediment load in the 2000s and 2010s decreased to less than half and one third of
that in the 1950s, respectively [31]. This may exacerbate channel downcutting and erosion
in downstream floodplains.
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Figure 4. Major large reservoirs in the PRB (modified from Refs. [31,33,86]). Dam locations are
denoted by circles with the dam name, year of closure, and storage capacity of the corresponding

reservoir (unit in 100 million m®) under each dam name.

2.2. Natural Climate Variations

Temperature and precipitation are two crucial climatic factors regulating fluvial geo-
morphological processes. Variations in temperature can affect processes such as water body
evaporation, vegetation transpiration, and soil evaporation, therefore influencing runoff
generation and resultant fluvial geomorphological processes. The intensity, frequency, and
spatial-temporal distribution of precipitation can directly regulate river water discharge.

2.2.1. Temperature

Since 1954, the annual average temperature in the PRB has shown a significant upward
trend [87-92], generally increasing from west to east PRB [90,91]. The seasonal average
temperature in the PRB has experienced varying degrees of increase [89,90]. As seen in
Figure 5, the warming rate in winter is higher than in summer [91], and the temperature
increase during the monsoon season is lower than during the non-monsoon season [92].
Additionally, most months have shown an upward trend in temperatures [87,88,92]. In
terms of spatial distribution, the monthly average temperature has increased at a faster rate
in coastal areas [93], and there has been an increase in May, July, August, and September
in almost all regions [94]. Overall, the average temperature in most areas of the PRB is
increasing, with the most significant warming in the PRD and ERB [87,88,90].

The PRB generally shows an increase in extremely high-temperature events and
a decrease in extremely low-temperature events [95]. The monthly extreme minimum
temperature TNn, the monthly minimum temperature maximum TNXx, the monthly extreme
maximum temperature TXx, and the monthly maximum temperature minimum TXn have
all shown an upward trend [95-99]. Spatially, there are notable spatial differences in the
trend of extremely high temperature [98], with an increasing trend from west to east,
particularly in the eastern part [100]. The number of warm days increases and cold days
decreases, which is significant and consistent in most areas in the PRB, especially in the Yu
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Figure 5. Temporal variations in average temperature in (a) Spring, (b) Summer, (c¢) Autumn,
(d) Winter, (e) Monsoon Season, and (f) Non-Monsoon Season from 1949 to 2022 (Data from
Ref. [101]).

2.2.2. Precipitation

Unlike the variation in temperature, precipitation in the PRB is characterized by small
interannual variability and uneven spatiotemporal distribution, which affects the effective
use of water resources.

The annual precipitation in the PRB shows non-significant changes [92,102-106]. In
terms of spatial distribution, the eastern PRB has higher annual average precipitation
but fewer rainy days, while the western areas have lower precipitation and more rainy
days. The number of rainy days is decreasing in almost the entire basin [67,102,107].
There is a non-significant temporal trend in annual precipitation, and the number of
rainy days is decreasing, leading to an increase in precipitation intensity in the eastern
PRB [105]. In seasonal precipitation (Figure 6), there is a slight upward trend in summer and
winter [102,108], a steady downward trend in spring and autumn [109], and a significant
decrease in the number of rainy days in autumn [105]. Additionally, it was found that
there is an insignificant decrease in precipitation during the monsoon season, while the
non-monsoon season shows an insignificant increasing trend [108].

For extreme precipitation, the extreme precipitation index gradually decreases from
east to west in the PRB [110]. The threshold of extreme precipitation is higher in the east
and lower in the west, and there was a significant change in the entire basin in the late
1960s and 1980s [111] (Figure 7). The upper reaches show a significant increasing trend in
extreme precipitation in both volume and frequency [67,112] and are more prone to extreme
events compared to the lower reaches [104]. The number of days of extreme events in the
entire basin shows a non-significant decreasing trend, while the duration of consecutive
non-rainy days exhibits a significant increasing trend [106].
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3. Analysis of Influencing Factors
3.1. Impacts of Anthropogenic Factors on Basin Changes
3.1.1. Socio-Economic Development

The changes in the ecological environment of the river basin are closely linked to the
socio-economic development within the PRB. Since the establishment of the People’s Repub-
lic of China, the economic policies have profoundly influenced the ecological environment
of the PRB, which can be roughly divided into the following stages:

Early years of the establishment of the People’s Republic of China (1949-1978): During
this period, the PRB was in a state of destruction after World War II. The economy of the
PRB was mainly focused on agriculture and the handicraft industry. The urbanization
process was thus slow. To quickly change the country’s poor situation, the government
proposed the “Great Leap Forward” policy at the end of the 1950s to promote industrial de-
velopment. Large-scale deforestation took place for steel production, leading to substantial
deforestation [113]. Water environment problems also emerged due to large-scale cropland
improvement, land reclamation, and reservoir construction [114]. However, due to the
relatively low technology in hydraulic engineering, only small tributary reservoirs were
built, with a relatively small impact on the variation of river runoff and sediment [115].
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From 1978 to 2008, China began implementing its Reform and Opening-Up policy,
which provided new opportunities for economic development in the PRB: The government
increased investment in rural water conservancy infrastructure and expanded the irrigation
area for cropland. In the 1980s, the Chinese government implemented the Forest Contract
Responsibility System [113]. This system transfers the ownership of forests from the
government to individual farmers under contract. Some farmers began to harvest forests
for immediate profits, particularly in the WRB. During this period, there was a significant
decrease in forestland and a substantial increase in cropland in the WRB, which exacerbated
the soil erosion issue [116]. In the late 20th century, the government began to implement
measures such as returning cropland to forestland and water and soil conservation in
the WRB. These measures had a significant effect on vegetation recovery and soil erosion
regulation in the WRB from 2002 to 2014 [117].

After 1995, with the support of the central government, the Guangdong provincial
government formally proposed the establishment of the Pearl River Delta Economic Zone.
As industry and labor force continued to expand, the urbanization process in the PRD region
advanced rapidly. From 2008 to the present, guided by the active direction of the Reform
and Opening-Up policy, urbanization construction in the PRD region has been basically
completed. The size of cities also nearly doubled from 1995 to 2015 [55]. Urbanization has
led to adjustments and optimizations in land use, but it has also exerted certain pressures on
the ecological environment of the PRB. For example, urban development can cause changes
in regional surface water processes, therefore affecting the entire river system’s ecosystem.

3.1.2. Water Resources Management Policies Development

The Pearl River is renowned for its numerous tributaries and dense waterways, with
abundant water resources and strong potential for hydropower utilization, which have
significant applications in agriculture, forestry, hydroelectric power generation, and trans-
portation. However, due to uneven spatiotemporal distribution in river runoff, the lower
reaches face dramatic flood protection pressures in the monsoon season, while the upper
reaches, such as the Yunnan-Guizhou Plateau and the northwest mountains of Guangxi,
often suffer from severe droughts during the dry season. Basin policymakers have tried
various measures to cope with the uneven spatiotemporal distribution of water resources.

In the early stages of the establishment of the People’s Republic of China, flood-control
reservoirs were mostly constructed with high dams, underestimating the role of dikes
in flood control. After the 1960s, cascade development plans with runoff-type power
stations became popular. Due to technological glitches, the constructed reservoirs often
failed to run with full storage capacity, except for a few hydropower stations that showed
satisfactory benefits [118]. During this period, flood control and water infrastructure in the
PRB remained weak, with only a few large cities having piped water supply facilities and
small-scale self-built water conservancy projects being the main reliance for agricultural
irrigation by farmers.

In the 1970s, the construction of embankments moved to another extreme. The con-
structed reservoirs were relatively small and could not meet the storage capacity required
for flood control. In addition to insufficient storage capacity, the existing reservoirs also
suffered from varying degrees of siltation, with some reservoirs even becoming fully silted
and abandoned. This led to a significant loss of effective storage capacity and even dam
collapses. For example, the Baidonghe Reservoir, built in 1958 in the Baise prefecture,
had accumulated sediment of 11.81 million m® by 1982, equivalent to 32% of its effective
storage capacity. Likewise, the Xiangshuiba Reservoir in Yunnan impounded sediment of
71.2 million m® within 20 years of its completion, resulting in a loss of 36% of its effective
storage capacity [119].

In the 1980s, flood-control planning in the PRB proposed the principle of “balancing
upstream and downstream, giving priority to flood water release with a combination
of flood regulation” [120]. The role of existing dikes received comprehensive attention.
Key dikes were strengthened, and several problematic and poorly constructed reservoirs
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underwent reinforcement. At the same time, it was proposed that key mainstem reservoirs
in the upper and middle reaches be constructed to reduce peak flood flow, therefore
increasing the flood-control capacity in the middle and lower reaches.

Since the early 1990s, more large-scale dams and dikes have been constructed in the
PRB, with a sharp increase in total reservoir capacity on both mainstem and tributaries.
Compared to the reservoirs constructed in the 1980s and earlier, the total reservoir capacity
in the PRB in the 1990s almost doubled [31]. For instance, The Tianshengqiao Reservoir
in the XRB was completed in 1997, with a total storage capacity of 10.8 billion m?, greater
than the combined capacity of all the larger reservoirs (storage capacity > 10 million m?)
previously built in the PRB.

It also should be highlighted that from the mid-1980s to the early 21st century, driven
by profits from urban expansion, large-scale sand mining activities became increasingly
frequent in the PRB. Previous studies suggested that from the 1950s to the 1980s, the
increase in sediment discharge in the three major tributaries was mainly attributed to
intensified deforestation and resultant soil erosion [28-33,64]. The small-scale reservoirs
have been constructed on tributaries and had a relatively weak impact on sediment trapping.
However, after the mid-1980s, the sediment trapping by large reservoirs significantly
increased, coupled with large-scale sand mining activities, resulting in a drastic reduction
in sediment load in the delta region [11,16,33,34,40,65] (Figure 8). In addition, large-scale
river dredging also occurred since the 1990s to guarantee maritime shipping [63]. All these
factors have caused significant riverbed incisions in the downstream channels. Although
climate change also played an important role in river flow change, anthropogenic impacts
contributed more than 80% of the changes [30,82].

(©) (@

Figure 8. (a) Water level decreased in December in the segment of the North River; (b) The Baipenzhu
Reservoir; (c¢) Sand mining vessel in the PRD; (d) Feilaixia water conservancy hub. All the photos
were taken by the authors of this article.
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At the beginning of the 21st century, the rapid economic and social development, as
well as the impact of climate factors, have caused a series of ecological issues and natural
hazards in the river basin. As a result, the water resources development and utilization
shifted towards an overall consideration of development, protection, and regulation, which
was the major feature of water resources planning during this period.

Several factors have contributed to this shift. First, changes in runoff have dramatically
affected the self-purification capacity of rivers. Since the release of the policy of Reform
and Opening Up in 1978, economic development and population growth have led to an
increase in domestic and industrial water consumption, as well as an increase in sewage
discharge. The Nanpan and Beipan river basins in the upper reaches, serving as an
industrial and energy base for Yunnan and Guizhou provinces, have large sewage discharge
and lack effective governance measures. During dry seasons, the low runoff and poor
self-purification capacity in these areas have exacerbated river pollution. In the middle
reaches of the Pearl River, pollution in some small and medium-sized rivers in Guangxi is
also prominent. In the 1990s, during dry seasons, the water in the Gui River in the middle
and lower reaches turned black, leading to a complete halt in the water supply for local
residents [121].

Second, the problem of annual imbalance in water discharge has become more promi-
nent. Despite the construction of large-scale dams and embankments, the basin has experi-
enced several regional flood events since the 1990s. In the PRD region, three consecutive
years of low water levels from 2003 to 2005 resulted in saltwater intrusion into the estuary,
severely affecting the water supply of 15 million local residents in Zhuhai, Zhongshan, and
Macao [122]. This situation caused an urgent water dispatch from upstream reservoirs.

In addition, intensive human activities such as hydropower projects, navigation, and
sewage treatment have had a significant impact on the river ecosystems [123]. For example,
the West River’s largest tributary, the Yu River, has been blocked by the Xijin hydropower
dam, disrupting the migration routes of some fish species and damaging the spawning
grounds of fish both upstream and downstream, resulting in reduced fish populations.
Although some fish species that can live in shallow waters or pass through sluices have
increased their yields due to expanded habitats, overall, the negative impacts of dam
construction on fish survival have outweighed the corresponding benefits, especially for
rare and endangered fish species that require long-distance migration [124].

In 2003, the Chinese government proposed the concept of “scientific development” as
the national policy guideline. “Maintaining river health and building a sustainable Pearl
River” became the guideline for water management in the new century. In October 2007,
the Pearl River Water Resources Commission (PRWRC) organized the signature of the
“Trans-province River Water Affairs Convention in the Pearl River Basin”, which regulated
trans-province water activities through a contractual framework [125]. Disorderly sand
mining activities in the PRD region were completely prohibited in 2008. Overall, with the
implementation of scientific, systematic, and sustainable development concepts, basin gov-
ernance has emphasized the coordinated management among provinces, cities, and river
sections. Outdated notions of water resource exploitation have been gradually abandoned.
Various state-of-the-art perspectives, such as river ecology, upstream—-downstream interac-
tions, and adaptation to climate change, have been incorporated into river management.

After 2010, the concept of scientific and sustainable development has become a con-
sensus across society and the entire basin, emphasizing the harmony between humans
and nature as a top priority in river management. Within the legal framework, various
administrative departments are performing their duties and carrying out administrative
law enforcement activities in an orderly manner, gradually forming an administrative
law enforcement system and a scientific water resources management system. At the end
of June 2018, the “River-Director System” policy was established nationwide, with the
heads of local governments serving as “River Directors” responsible for organizing and
leading the management and protection of corresponding rivers and lakes [126]. This
further clarified the regulatory and accountability issues in the management of rivers in the
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PRB. Overall, the concept of scientific and sustainable development has provided valuable
guidelines for river management in the PRB.

3.2. Impacts of Atmospheric Oscillations on Climate Variability

Under global warming and enhanced human activities, climate change in different
regions is significantly influenced by amplified changes in global and regional-scale water
cycles. Therefore, many studies [15,127-131] have attempted to investigate its large-scale
patterns, which are characterized by the fluctuations in sea surface temperature. The El
Nifio-Southern Oscillation (ENSO) is a fluctuation between warm El Nifio and cold La
Nifia events in the ocean. During El Nifio, annual precipitation increased in southeastern
China and decreased in southwestern China, while the trend reversed during La Nifia
events [130]. The impact of ENSO on precipitation varies significantly with seasons and
months. In the lower reaches of the Pearl River, winter precipitation is relatively lower in
summer and autumn during El Nifio events than in La Nifia events [132].

Previous studies investigated the influences of ENSO, North Atlantic Oscillation
(NAO), Indian Ocean Dipole (IOD), and Pacific Decadal Oscillation (PDO) on climate
change across the PRB. It has been found that ENSOs are positively correlated with au-
tumn and winter precipitation and have a strong impact on the occurrence of drought
events [133], especially during El Nifio events [134]; NAO has a significant negative corre-
lation with summer precipitation and a positive correlation with winter precipitation [135]
and serves as the dominant climatic indicator affecting droughts in the WRB [131]. PDO
has a significant positive correlation with annual precipitation in the Beipan and Hongshui
tributary basins [136]. The average winter precipitation showed an upward trend when
IOD was observed [137]. In ERB, NRB, and the southwestern WRB, the average annual
runoff and maximum daily runoff were found to be very sensitive to IOD events [138].
Generally, ENSO and IOD are two large-scale climate indicators that have a strong impact
on climate change in the PRB. Both of them play crucial roles in rainfall and drought
events [139]. It is worth noting that these climate events do not happen independently
but often interact simultaneously [137,140,141], which may contribute to the differences
observed in various studies.

Due to global climate change, the spatial and temporal changes in precipitation are
becoming more uncertain. Therefore, studying the impacts of climate change is of great
significance for water resources management in the PRB [8,15]. Previous studies on atmo-
spheric circulation [127,142,143] have shown that the Western Pacific Subtropical High and
the Eurasian High have a significant impact on the regulation of the East Asian monsoon
by ENSO. The variation of monsoon affects the changes in water vapor transport, leading
to changes in rainfall patterns in coastal areas of China [144]. In southeastern China, wa-
ter vapor primarily originates from the Indian Ocean and the tropical Pacific [145]. The
southwest monsoon and southeast monsoon transport water vapor from the Indian Ocean
and Pacific Ocean to the Chinese monsoon regions, respectively [146]. Sea surface tem-
perature changes in the central tropical Pacific are crucial to East Asian summer monsoon
precipitation [147]. For example, the northwest Pacific subtropical high and the East Asian
summer monsoon were weak during El Nifio events, resulting in insufficient water vapor
transport to the PRB, triggering the occurrence of drought events [134]. However, when
the Northwestern Pacific subtropical high moves westward or enhances, the East winds in
the equatorial convergence zone will intensify, leading to a continuous weak East Asian
southwest monsoon. As a result, water vapor transported by the southwest monsoon from
the Indian Ocean is unable to reach North China, and a large amount of water vapor is
retained in South China [148]. Moreover, the wind direction in the eastern PRB shifted to
the east, facilitating the convergence and uplift of water vapor, increasing the amount and
frequency of precipitation, and causing floods in the coastal areas of the PRB [139,149].
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4. Major Issues Faced by the Pearl River Basin
4.1. Increased Extreme Precipitation Events

Since 1980, the frequency of extreme flood events in the PRB has significantly in-
creased [150]. In comparison to the period from 1951 to 1980, the occurrence of extreme
flood events in the NRB and the northern WRB showed an increasing trend from 1981 to
2010, while a decreasing trend was observed in the ERB. Larger-scale floods may occur in
the northeastern part of the WRB and the NRB [83,151-153]. Zhang et al. reported a signif-
icant increase in peak flow and flood magnification in the WRB and the NRB [21]. Over
the past century, there has been an increasing trend in flood risk in the middle and lower
reaches of the PRB. Following the frequent occurrence of large floods in the mid-1990s, an
unprecedented surge in dike construction projects took place across the region, altering
the natural hydrological conditions. Additionally, due to uneven regional development,
flood-control facilities (such as embankments) are more sparse in remote areas, potentially
exposing farmers in these remote regions to greater flood threats [86].

4.2. Desertification and Soil Loss

The PRB is a region with the most concentrated distribution and the most severe degree
of karst rocky desertification in China. The presence of karst rocky desertification and soil
erosion directly impacts the safety of water resources and hydropower facilities, as well
as the aquatic ecological security in the PRB, therefore influencing the overall sustainable
development of the entire basin [154]. The karst geomorphology is widely distributed
in the WRB, where frequent droughts and severe rocky desertification are influenced by
climatic factors [155]. Anthropogenic activities, such as indiscriminate logging, steep slope
cultivation, excessive grazing, as well as unreasonable agricultural production, mining,
and road construction, all contribute to the exacerbation of rocky desertification [33]. Since
the 1990s, the WRB has undergone multiple rounds of measures, including reforestation
and grassland restoration, in response to such issues as karst rocky desertification and
urban expansion [154]. The forestland initially decreased and then increased, while the
grassland gradually expanded [156]. Despite a decreasing trend in soil erosion in the PRB
over the past 30 years [62], the Nanpan and Beipan River Basin and the northern NRB still
face severe rocky desertification.

4.3. Water-Level Reduction and Saltwater Intrusion at Estuaries

Since the mid-1980s, the river channels in the PRD have shown an overall uneven
trend of downcutting [73]. The cross-sections of riverbeds have been narrowing and
deepening [74-76], with this trend intensifying from the 1990s to the early 21st century.
Consequently, the water levels in the PRD rivers have noticeably decreased compared to
the 1980s. For example, in 2005, the water level at the Sanshui station dropped by 2.45 m
under similar runoff conditions compared to 1989 [11]. The issue of saltwater intrusion in
the estuarine areas has gradually become a significant factor hindering economic develop-
ment and threatening residents’ livelihoods. Since 2009, saltwater intrusion has become
a continuous phenomenon throughout the entire delta region during the dry season. In
2011-2012, the annual average extent of saltwater intrusion reached 36.3 km, twice that
of 2001-2002. The duration of salinity exceeding thresholds has become longer, and the
seasonality has happened earlier, indicating a deterioration of saltwater intrusion over
the past decade. Specifically, between 2011 and 2012, the duration of salinity exceeding
thresholds exceeded 700 h, whereas in 2003, it was less than 250 h. From 2005 to 2009, the
intrusion of seawater occurred one month earlier than in previous years, from November
to February, whereas previously, it occurred from December to March [157]. The decrease
in water levels in upstream rivers is the primary cause of exacerbated saltwater intrusion in
the estuary. In the delta region, there is a noticeable downward trend in water levels in the
lower reaches of the West River and the North River, weakening the ability of the estuarine
areas to resist seawater intrusion.
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Modaomen and Lingding Bay (Figure 1c) are the two areas facing the most severe
threats from saltwater intrusion in the PRE, and they are also regions with a higher preva-
lence of land reclamation and embankment projects. Between 1980 and 2018, the total
reclaimed area in the PRE reached 769.2 km? [158]. Sand mining, dredging, and reclama-
tion projects can narrow water channels and reduce water exchange capacity, not only
hindering river runoff dispersion but also diminishing the effective wave height in the
estuary, ultimately exacerbating seawater intrusion [159-161]. Another significant factor to
consider is the rise in sea level. From 1959 to 2011, there was a noticeable upward trend in
sea levels in the PRD, with a linear trend of 4.08 mm /yr [162]. The rising sea level enhances
tidal range and ocean currents, causing tidal currents to arrive earlier and increasing the
distance of saltwater intrusion. Moreover, the intrusion distance of seawater increases with
the rising sea level and reduced river runoff. Previous studies indicate that during the dry
season, with a sea level rise of 0.8 m, the intrusion distance of saltwater in Lingding Bay
will increase approximately by 10 km, while in Modaomen, it will increase approximately
by 3.7 km [163]. The saltwater intrusion in the PRE is highly sensitive to sea level rise [164].
Multiple factors contribute to the intrusion of seawater in the PRD region, and effective
measures are urgently needed to counteract the upstream intrusion of saltwater in the
estuarine areas.

4.4. Climate Change and Increased Drought Events in the Upper and Middle Reaches

The drought situation in the PRB has become more severe. Between 1960 and 2005,
noticeable drought trends were observed in November, December, and January in the
PRB [165]. The western and northeastern regions of the basin have lower drought risks,
while the PRD faces higher drought risks [20], with longer average durations of droughts,
especially during extreme drought conditions [166]. However, in the western regions of the
basin, particularly in the Nanpan and Beipan Basin, the probability of drought occurrence
is relatively higher. During the period from 1997 to 2010, short-term extreme hot and dry
weather events in the PRB intensified, primarily occurring in the northeastern and western
regions of the basin, with a significant increasing trend observed in the central-western
and southeastern areas [167]. Since the 21st century, the number of events of moderate
droughts and severe droughts and the duration and intensity of droughts have significantly
increased in the PRB [168]. The most notable changes are seen in autumn droughts, with a
trend of hydrological droughts shifting from summer to autumn [169].

5. Sustaining the Pearl River: Policy Overhaul and Strategic Adjustments
5.1. Basin Governance Framework

The establishment of a comprehensive management institution for the entire PRB has
undergone a complex process [170]. Since its re-establishment in August 1979, the Pearl
River Water Resources Commission (PRWRC) has played a crucial role in the integrated
management of the PRB for over 40 years. However, China’s Water Law, enacted in 2002,
states that, “the central government implements a combined water resources management
from river commissions and provincial governments”. This provision has significantly
limited the functions of the PRWRC as a basin management institution [171], and this
limitation has persisted to the present day (Figure 9).

PRWRC is a branch organization established by the Ministry of Water Resources,
responsible for the development, planning, and management of water resources in the
PRB. However, functions such as the jurisdiction of hydropower, navigation, and water
pollution control are under other departments subordinate to the State Council. Under
these structures, although PRWRC can handle tasks like regional water project planning,
water resource supervision, and administrative law enforcement [18], the actual control
over the development and utilization of water energy resources are regulated by the electric-
ity department; waterway management is overseen by the State Council’s transportation
department, and pollution prevention and control are led by the State Council’s ecological
environment department. This management divides responsibilities based on the functions
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of water resources, which significantly has undermined integrated water resources man-
agement. Each department prioritizes its own interests, neglecting the overall interests of
the PRB [172-174].
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Figure 9. Framework of PRB Management Institutional (modified from Ref. [172]).

Therefore, it is recommended that the responsibilities and jurisdiction of PRWRC be
legislated and clearly defined. This would establish a more comprehensive water resource
management system, breaking away from the existing administrative fragmentation. The
goal is to transform basin management into a model led by a single institution with
collaboration from multiple departments [173-176]. This approach aims to strengthen
unified basin management [177], fully leveraging the role of PRWRC as a comprehensive
basin management institution and a mediator for trans-province water affairs negotiations.

5.2. Adapting to Future Climate Change

Compared to northern China, the PRB is an area abundant in precipitation, making
it prone to flood hazards during the monsoon season. However, drought events also
occur frequently during dry seasons. Both floods and droughts are significantly influenced
by climate change, causing severe disruptions to local residents. Therefore, there is an
urgent need to explore adaptive strategies for climate change. Currently, research on the
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impact factors of climate change in the PRB primarily focuses on the correlation between
large-scale climate indices and climatic indicators such as rainfall and drought. How-
ever, there are limited studies on adaptation strategies, preparation efforts, and adaptive
training for local residents. The natural ecosystems in the PRB exhibit relatively weak
adaptive capacities to climate change. To address extreme climate events such as floods and
droughts, decision-makers should optimize the layout of hydrological monitoring stations
and enhance monitoring capabilities for key tributaries, small and medium-sized rivers,
and small to medium-sized reservoirs. This includes improving monitoring capabilities
for river and ecological flows and soil conservation. The use of new monitoring methods
should be promoted, expanding the scope of real-time online monitoring and enhancing
the capabilities of intelligent water security monitoring.

5.3. Estuary and Coastal Zone Development

With rising sea levels, the reduction in sediment load to the sea has significantly
weakened the coastal resistance to erosion; this, in turn, has led to severe land loss in the
delta region [178]. The decrease in sediment load has a serious impact on the morphological
changes in estuarine and coastal areas. Not just the decrease in SSC but also the extensive
reclamation of intertidal resources in estuarine areas for urbanization and industrialization
has also widely occurred. From 1985 to 2015, the net loss of mangrove forests in the PRD
region was approximately 11.73 km? [179]. Additionally, due to human activities such
as sea reclamation, the coastline in the PRE has extended seaward in recent years [77-79].
Between 1976 and 2006, the average annual net extension was approximately 19.3 m,
implying an elongation of river channels at the estuary. This extension was often achieved
by blocking lateral channels that connect with deep water passages [180]. This will prevent
floodwaters from being discharged into the sea in a short time, putting the estuary area at
greater risk of flooding.

The significant reduction in sediment load is largely attributed to the sediment trap-
ping in dams. Some studies have suggested taking into account sediment release measures
during water impoundment and considering the creation of designated sediment bypass
channels [119]. In estuarine areas, it is recommended to establish ecological reserves to
prevent the fast degradation in wetlands, coupled with the implementation of ecological
protection red lines in estuarine regions, use of policy regulation, ecological transformation
and restoration of artificial shorelines, controlling such activities as sea reclamation and pol-
lution discharge, aiming to maintain the ecological balance of in estuary regions [181-183].

5.4. Sustaining Water Resouces

The PRB experiences significant disparities in precipitation between the wet and dry
seasons, with approximately 80% of the annual precipitation occurring during the wet
season. This difference significantly affects the annual distribution of river flow, hindering
the balanced allocation of water resources throughout the year and posing challenges to
economic development and normal domestic activities.

The persistent issue of winter saltwater intrusion in the PRD region poses a serious
threat to regional water security. PRWRC has addressed this by organizing water dispatches
from key dams and sluicegates on various tributaries during the dry season. By releas-
ing water from upstream reservoirs, water levels can be increased to cope with saltwater
intrusion. By 2021, this practice has been implemented continuously for 16 rounds [184].
Water dispatch not only helps maintain a stable water supply downstream but also plays a
crucial role in the ecological health of fish populations, agricultural irrigation, and ship-
ping traffic in different river sections upstream and midstream. However, the legal and
regulatory framework for water dispatches in the PRB is insufficient, especially concerning
large-scale water transfers to ensure winter water supply to Macao and Zhuhai. Early
initiatives heavily relied on administrative orders [173]. This situation has led to numerous
conflicts and contradictions in the coordination of water dispatches, with economically dis-
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advantaged upstream regions making sacrifices to ensure water stability for the developed
downstream areas.

The “Regulations on Pearl River Water Dispatch” is a legal document addressing the
allocation of water resources in the basin. It has been submitted for approval by the State
Council multiple times over recent decades. However, formal and comprehensive legal pro-
visions have not yet been released. To strengthen the legitimacy of basin water dispatches,
it is advisable to expedite the promulgation and improvement of the “Regulations” [173].
Furthermore, enhancing information exchange between different departments and estab-
lishing an intelligent and informative platform for collaborative reservoir dispatch between
upstream and downstream [185,186] can improve the efficiency of river flow dispatch.
Introducing market mechanisms into river management, compensating upstream regions
through water pricing to alleviate conflicts and contradictions in water dispatches [174,187],
and using price leverage to promote water conservation and efficiency [176] can all facilitate
the rational allocation and utilization of river water resources.

5.5. River Ecosystem Conservation

From the perspective of river biota and fish species, the biodiversity of the PRB exceeds
that of the Yangtze River, securing its position as the top river system among the seven
major rivers in China. The period from the 1960s to the 1980s witnessed a severe decline in
fishery resources in the Pearl River system. The natural fish yield in Guangdong Province
plummeted by 52% from 1966 to 1973, and in Guangxi Province, it dropped by 66.5% from
1962 to 1979. Several precious fish species, especially those inhabiting rivers and estuaries,
were endangered [124]. Before the establishment of the People’s Republic of China, large-
scale water conservancy projects were not yet constructed in the PRB, and water quality
pollution was scarce. However, with the massive construction of reservoirs starting in
the 1960s, the ecological integrity of fish populations came under serious threat. In recent
decades, improvements in water quality in the PRB have been achieved through measures
such as controlling the discharge of pollutants from industrial and domestic wastewater,
enhancing forest environmental protection, and improving solid waste management [9].
Nevertheless, the discharge of industrial and domestic wastewater has led to nutrient
and heavy metal pollution in rivers [188], highlighting the persistent pollution issues
in the PRB. Therefore, it is recommended to follow the example of the first basin-wide
protection regulation implemented in 2021, the “Yangtze River Protection Law”, and enact
comprehensive regulations for the protection and utilization of water resources in the
PRB [189]. This would strengthen and standardize ecological protection efforts across the
entire basin.
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