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Abstract: Previous studies mostly focus on an individual delta, or deltas at a global scale, to explore
dam effects on deltaic hydrological alteration and morphological evolution, while comparative
studies on selected similar deltas remain scarce. In this study, we compare the alteration of river
discharge and sediment load, as well as the associated deltaic area and shoreline, of two deltas,
namely, the Volta River Delta in Ghana and the Yellow River Delta in China, which are subject to
similar forcings and mainstem dam influences. The results show that the sediment loads of the Volta
River Delta and Yellow River Delta have decreased abruptly and gradually, respectively, to ~10% of
the pre-dam level, presumably due to differences in reservoir capacity and upstream dam location.
Sediment decline has led to a decrease of the fluvial dominance ratio, which has also been affected
by the river mouth location and shoreline orientation. As a consequence, the area of the Volta River
Delta has shifted to a new quasi-equilibrium, whereas the Yellow River Delta has kept prograding.
This comparative study provides references for understanding the future evolution of similar deltas
around the world.

Keywords: dam regulation; hydrological alteration; morphological evolution; Volta River Delta;
Yellow River Delta

1. Introduction

Deltas are of critical socioeconomic and ecological importance, and are inhabited by
about half a billion of the world’s population [1]. Located at the interface between land
and sea, deltas are significantly affected by climate change and intensive anthropogenic
activities, such as sea-level increases, storm surges and upstream dam regulation [1–3]. It is
well-recognized that dam regulation causes hydrological alteration [4–6] and morphologi-
cal evolution of the world’s deltas [7,8]. Given the continuously increasing coastal erosion
and degradation of deltaic ecosystems in this rapidly changing environment of the An-
thropocene [3,9–12], understanding effects of dam regulation that lead to the hydrological
alteration and morphological evolution of the world’s deltas is an imperative task.

A global overview showed that over half of the world’s large rivers are affected by
dams, and the global sediment flux to the ocean has reduced by about 1.4 BT/year under
dams’ influences, which has further resulted in coastal erosion and delta shrinkage [6,8].
Specifically, Syvitski et al. (2005) [6] adopted the Discharge Relief Temperature sediment
delivery model (QRT) to predict the global (6292 river basins) flux of sediment under mod-
ern and pre-human conditions, showing that dam regulation has trapped over 100 billion
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metric tons of sediment in reservoirs and shrunk deltas under sea-level rise [1,6,8]. Em-
pirical relationships between the key deltaic morphological metrics and hydrological
indices of 72 river deltas have also been established to examine the potential impacts of
human-induced hydrological alteration on deltaic morphological evolution [8]. Recently,
Besset et al. (2019) [10] analyzed the shoreline mobility and area change of 54 global deltas
over 30 years, to quantify their vulnerability under changing sediment loads, showing that
a decrease of sediment load due to dam regulation could further reduce the resilience of
river deltas under sea-level rise and climate change.

The effects of dam regulation on the hydrological alteration and morphological evo-
lution of many individual deltas worldwide have also been singled out and studied. For
example, the construction of the Aswan High Dam in 1964 in the Nile River reduced more
than 98% of the sediment load to the Nile River Delta, which resulted in rapid shoreline
erosion of more than 50 m/year at Rosetta in Egypt [13–15]. The total suspended sediment
of the lower Mississippi River Delta decreased by 72% under dam regulations compared
with the period 1950–1953, especially due to the Gavins Point Dam (built in 1955) and
river training [16,17], which led to severe delta erosion and loss of 3400 km2 of the deltaic
wetlands from 1956 to 1990 [16,18]. The Akosombo Dam (built in 1964) reduced more
than 90% of the sediment load delivered to the Volta River Delta in Ghana, which resulted
in a significant shoreline retreat in the 1960s [19,20]. Yet, the stable sediment load in the
post-dam period appeared to drive the delta into a new quasi-equilibrium [19]. Construc-
tion of dams and reservoirs, amongst other factors, has caused a continuous and stepwise
decrease of the sediment load in the Yellow River Delta in China [5], and resulted in the
shift from rapid progradation to slow progradation of the delta from 1976 to 2005 [21].

So far, the majority of the existing studies are either meta-analyses of global datasets or
specific case studies of individual deltas, while comparative studies of selected deltas that
share similar characteristics and forcing factors remain scarce in the literature. The latter
is particularly relevant as river deltas that are subject to dam effects for longer periods
can inform similar ones under shorter and yet foreseeable continuous influence into the
future. To address the research gap, we selected two deltas, i.e., the Volta River Delta in
Ghana and the Yellow River Delta in China, to perform a comparative study on the effects
of dam regulation on inter-annual variations of river discharge and sediment load and
the corresponding deltaic shoreline and area evolution. Differences and similarities of the
changes of the inter-annual variations of river discharge and sediment load due to different
dam regulation conditions were demonstrated. The resulting morphological evolution
patterns of the two deltas, i.e., evolution of shoreline and delta area, were further examined,
together with variation of the forcing factors, as represented by the fluvial dominance ratio
over time.

The two deltas were selected for the following reasons. Firstly, the Volta River and
Yellow River are both heavily regulated by dams, and the sediment supply, frequency
and peak discharge of floods have reduced remarkably under dam regulation [19,22,23].
Secondly, both deltas have shifted or are shifting from river-dominated to wave-dominated
deltas due to reduced sediment load [9,24–27]. Thirdly, both deltas play a critical role in the
local economy and ecosystem [19,22]. Our comparative study aimed to examine lessons
and experiences in selected deltas to inform other similar deltas worldwide.

An overview of the two deltas is provided in Section 2. The data source and relevant
methodology for analyzing hydrological alteration and deltaic morphological evolution
are documented in Section 3. The trends of change of annual river discharge and sediment
load before and after the construction of major dams were analyzed, and the significance of
the effects of dams for hydrological alteration was tested and compared for the two deltas,
as detailed in Section 4.1. Landsat remote sensing images were interpreted to examine
and compare the shoreline evolution in Section 4.2. Changes of relative strength, between
fluvial and wave forcings, are estimated using fluvial dominance ratios in Section 4.3.
Furthermore, differences and similarities of the changes of the inter-annual variations of
river discharge and sediment load due to different dam regulation conditions are analyzed
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in Section 5.1. The resulting morphological evolution patterns of the two deltas are further
examined in Section 5.2. The processes of dam-influenced delta evolution are demonstrated
using a conceptual model in Section 5.3. The paper concludes with a summary of the main
findings, as well as recommended future studies, in Section 6.

2. Study Area
2.1. The Volta River

The Volta River Delta (5◦25′–6◦20′ N; 0◦4′–1◦10′ E), with a population of more than
0.65 million, is located at the interface between the Volta River in Ghana and the At-
lantic Ocean (Figure 1a) [19,25]. The Volta River Delta is the sanctuary for about 80% of
migratory birds that transit in Ghana’s wet semi-equatorial and dry equatorial climatic
zones [25,28]. The sediment of the Volta River Delta is mostly sand with a median grain
size of 0.6 mm [28,29]. The anthropogenic interventions of damming and irrigation, as
well as the associated evaporation, alter the variation of river discharge and sediment load,
further affecting the delta morphology [30]. The Volta River Delta is an asymmetric lobe in
a tectonic offset on the coast of Ghana [31], and its subsidence rate is estimated to be 1 to
2 mm/year [25,31]. Furthermore, the rate of sea level rise was 2.52 mm/year at the Volta
River Delta from 1997 to 2017 [32].
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Figure 1. The study area: (a) The locations of Ghana and China, (b) the Volta River Basin, (c) the Yellow River Basin, (d) the
Volta River Delta, and (e) the Yellow River Delta. The enclosed areas in (d,e) represent the extent of the two deltas.

The Volta River Basin, which consists of the Black Volta, White Volta and Oti, covers
an area of 4.00 × 105 km2 [33] (Figure 1b). The Akosombo Dam (built in 1964) and Kpong
Dam (built in 1982) are located 80 km and 56 km, respectively, upstream from the river
mouth. The Akosombo Dam traps about 95% of the drainage basin [34] and significantly
reduces the river discharge and sediment load downstream of the dam [35] (Figure 1d).
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The reservoir capacities of Akosombo Dam and Kpong Dam are 147.96 and 0.20 billion m3,
respectively, with surface areas of 8482.25 and 25.20 km2, respectively [19,36]. Before
the dams were built, the river delivered about 1 million m3 sediment every year to the
delta [34]. However, about 90% of the total sediment load of the river is now retained in
the dam’s reservoir [19,34]. As such, the Volta River Delta has shifted to a wave-dominated
delta due to the abrupt reduction of sediment load [9,24,25]. September and October are
the flood season, with an average river discharge of about 4641.80 m3/s, while November
to August are the dry season, with an average river discharge of about 440.68 m3/s before
the construction of the Akosombo dam [19].

2.2. The Yellow River

The Yellow River Delta (37◦16′–38◦09′ N; 118◦06′–119◦45′ E), with a population of
more than 2 million, is located in the northeastern part of Shandong Province in China
(Figure 1a) and adjacent to the Bohai Sea [21,22]. The Yellow River Delta is regarded as
the youngest land in China’s warm temperate zone and acts as a stopover site for about
152 protected species of migratory birds [37–40]. The Yellow River Delta mostly consists of
silt and sand with a median grain size of 0.035–0.04 mm [41,42]. Over the past decades,
a variety of anthropic interventions (e.g., dam constructions, agriculture irrigation and
soil conservation practices) have sharply decreased the river discharge and sediment load,
triggering potential erosion [43]. Furthermore, the river mouth of the Yellow River Delta
shifted from Diaokouhe (1964–1976), to Qingshuigou (1976–1996), to Q8 course (1996-
present) due to river avulsions. The modern Yellow River Delta is located on the Mesozoic
and Cenozoic tectonic shrinking zone, with Holocene marine sediments deposited during
the postglacial transgression [44]. Its average annual subsidence rate ranges from 3 to
4 mm/year [45]. The rate of relative sea-level rise of the Yellow River Delta in the past few
decades was 4.80 mm/year [46].

The Yellow River Basin covers an area of 7.95 × 105 km2 [47] (Figure 1c). Since
the 1950s, four major reservoirs (Sanmenxia (built in 1960), Liujiaxia (built in 1968),
Longyangxia (built in 1985) and Xiaolangdi (built in 1999)) have been built along the
mainstem of the Yellow River [5,48,49], which are located 919 km, 1714 km, 2049 km and
789 km upstream of the river mouth, respectively (Figure 1e). The reservoir capacities of
the Sanmenxia, Liujiaxia, Longyangxia and Xiaolangdi are 9.60, 5.70, 27.60 and 12.70 billion
m3, respectively, with surface areas of 200, 130, 383 and 272.30 km2, respectively [5,50]. The
Yellow River Conservancy Commission began the Water and Sediment Regulation Scheme
(WSRS) in July 2002, to create artificial flood pulses through dam regulation for a period of
about 20 days every summer, to flush the sediment retained within the Xiaolangdi Reser-
voir and mitigate its deposition in the lower reaches [51]. This scheme takes advantage of
several large dams and reservoirs on the mainstem to deliver more than 20% of the annual
river discharge and more than 30% of the annual sediment load to the ocean during the
regulation period [52]. Notably, the inter-annual variability of precipitation in the Yellow
River Basin has also been reduced since the mid-1980s due to the strong and frequent El
Niño Southern Oscillation (ENSO) [5,49]. Furthermore, due to the gradual decrease in
sediment supply, the Yellow River Delta has also been shifting from a river-dominated to a
wave-dominated delta in recent years [9,26,27]. July to September are the flood season in
the Yellow River, with an average river discharge of about 3260.67 m3/s, while October to
June are the dry season, with an average river discharge of about 724.59 m3/s [53].

3. Data Collection and Methods
3.1. Hydrological Data

The Water Resources Institute of the Council for Scientific and Industrial Research
(CSIR-WRI) provided annual river discharge data for the Volta River (1936 to 1961) at
the Senchi gauge station (Figure 1d). The Volta River Authority provided the annual
river discharge data at the Akosombo (1970 to 2018) and Kpong (1984 to 2018) gauge
stations downstream of the Akosombo Dam and Kpong Dam, respectively (Figure 1d).
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The sediment load of the Volta River Delta was from Amenuvor et al. (2020) [19], which
was derived using the sediment rating curve and validated with data from the literature.
Hydrological data including the annual river discharge and sediment load in the Yellow
River Delta were collected from Lijin gauge station (Figure 1c), which is the nearest gauge
station to the river mouth and located at approximately 110 km upstream [54,55].

3.2. Hydrological Data Analysis

To explore the relationship between dam regulation and inter-annual variations of
river discharge and sediment load, a significance test of the hydrological data divided
by dam constructions was performed, which is widely adopted for posterior analysis
of hydrological alterations [56,57]. The significant differences of the river discharge and
sediment load in the Volta River Delta divided by the construction of major dams were
tested using a non-parametric Kruskal-Wallis test, which assesses the differences among
three or more independent samples on a non-normally distributed variable [58]. The
significant differences of the river discharge and sediment load in the Yellow River Delta
were evaluated by a parametric one-way ANOVA with LSD (line segment detector) post-
hoc multiple tests after being SQRT-transformed (square root calculations) [58,59], as is
appropriate for a normally distributed variable. The T level of statistical significance
was set to p (probability) < 0.05. Statistical analyses were performed using the SPSS 20.0
statistical software package (IBM, Armonk, NY, USA).

In addition, the coefficient of reservoir capacity—defined as the ratio of the design
capacity of reservoirs to average annual river discharge—was adopted to represent the
impact of the dams and reservoirs on hydrological alteration [60]. A larger coefficient of
reservoir capacity suggests a larger impact of dams and reservoirs on deltaic hydrological
alterations [60,61].

To quantify the annual mean discharge on the morphodynamics of the two wave-
influenced river deltas, we calculated the fluvial dominance ratio R, which is defined as the
ratio of annual fluvial sediment supply (Qr) and the combined annual maximum possible
alongshore sediment transport away from the river mouth (Qs,max) [9,62]. The fluvial
dominance ratio R has been used to define deltaic morphological evolution in previous
studies [9,63,64]. River deltas are considered wave-dominated if R < 1 and river-dominated
if R > 1 [62]. The formula of R reads

R =
Qr

Qs,max
(1)

where the annual fluvial sediment supply follows those in Section 2.2, and the calculation
of the annual maximum possible alongshore sediment transport away from the river mouth
follows the method reported in Nienhuis et al. (2015) [62]. The wave data are derived from
Nienhuis et al. (2020) [9], who documented the dataset of the average wave period, wave
height and wave energy of the global coastlines. We extracted wave data near the river
mouth of the Volta River Delta and Yellow River Delta. Notably, while the annual fluvial
sediment supply changed every year, a constant time-averaged wave climate was adopted
in the calculation. Furthermore, the locations of wave data adopted for different periods of
the Yellow River Delta also varied accordingly.

3.3. Remote Sensing Data

Remote sensing images, including 30 m-resolution Landsat remote sensing data of the
coastline of the study areas from a multispectral scanner (MSS), thematic mapper (TM) and
enhanced thematic mapper (ETM+), were downloaded from USGS (https://earthexplorer.
usgs.gov, accessed on 8 March 2019). The raw Landsat level-1 images with few clouds were
adopted to conduct shoreline analyses through visual interpretation. The dataset of the
Volta River Delta was documented in Amenuvor et al. (2020) [19], and that of the Yellow
River Delta is shown in Table 1.

https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov
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Table 1. List of remote sensing images of the Yellow River Delta.

Acquisition
Date

Image
Type Band Resolution

(m)
Acquisition

Date
Image
Type Band Resolution

(m)

1 October 1977

MSS 4 60

20 September 1996
TM 7 303 April 1979 9 August 1998

8 June 1980 25 June 1999

12 June 1981 30 June 2001

ETM+ 8 30

5 October 1984 29 September 2002
25 November 1985 27 May 2003

5 June 1986 13 June 2004

26 June 1988

TM 7 30

14 April 2005
27 August 1993 26 October 2012
17 October 1994 10 August 2013

18 September 1995 26 June 2017

The boundary between the sea and land varies due to tidal fluctuation, causing
uncertainty in the extracted shorelines and calculated delta area in our study. Nevertheless,
the uncertainty of the shoreline extraction due to tidal variation is presumably small due to
the relatively small tidal range in the Volta River Delta [65]. As for the Yellow River Delta,
Kong et al. (2015) [55] reported that the maximum relative error of the calculated area of
the Yellow River Delta that resulted from tidal effects is about 1.1%, which is relatively
small compared to the variations of delta area.

3.4. Methods for Extracting Shorelines

The evolution of the shoreline and delta areas was adopted as the main features to
evaluate the potential effects of inter-annual hydrological alteration on deltaic morphologi-
cal evolution. Following Amenuvor et al. (2020) [19], we employed the mean high tide line
as a land-sea boundary. Tools for remote sensing image interpretation and analysis (ENVI
5.3 and ArcGIS 10.2) were used to extract the shoreline. To ensure consistency and accuracy
of the derived delta area, a common polygon (white rectangle in Figure 2) was used to
intersect the delineated shoreline (red line in Figure 2). Finally, the delta area enclosed by
the polygon and the delineated shoreline were calculated.
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4. Results
4.1. Hydrological Alteration

As shown in Figure 3a, coincident with the construction of the Akosombo Dam, an
abrupt and dramatic decrease of both river discharge and sediment load occurred in 1964
in the Volta River Delta. Corresponding to the constructions of Akosombo Dam and
Kpong Dam, we divided the study period into three phases: phase I (1936–1963), phase II
(1964–1982) and phase III (1983–2018). The average annual river discharges for phase II and
III decreased to 68.81% and 79.64% of the phase I level, respectively (Figure 3a), whereas the
sediment load decreased to 6.88% and 7.96%, respectively. The total reduction of sediment
load can be attributed to the decrease of river discharge and to sediment trapping in the
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reservoir. Therefore, the degree of reduction of sediment load is much greater than that
of river discharge [19,34]. Furthermore, the annual river discharge and sediment load
varied more significantly in phase I (s.d. 162.98 × 108 m3/year and 0.24 × 108 t/year,
respectively) than in phase II and III (s.d. 52.12 × 108 m3/year and 0.01 × 108 t/year
for phase II, respectively, and 61.86 × 108 m3/year and 0.01 × 108 t/year for phase III,
respectively) (Figure 3a), which presumably resulted from the dam regulations that reduced
the flood peaks and overall fluctuation [19,28].
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Figure 3. The trend of change of annual river discharge and sediment load in (a) the Volta River Delta
for three phases: phase I (1936–1963), phase II (1964–1982) and phase III (1983–2018); and (b) the
Yellow River Delta for five phases: phase i (1950–1960), phase ii (1961–1968), phase iii (1969–1985),
phase iv (1986–1999) and phase v (2000–2017).

As for the Yellow River Delta, the river discharge and sediment load decreased
gradually from 1950 to 2017 [41,66,67]. Corresponding to the construction of the four
major dams (i.e., the Sanmenxia, Liujiaxia, Longyangxia, and Xiaolangdi Dams) [5], we
divided the study period into five phases: phase i (1950–1960), phase ii (1961–1968), phase
iii (1969–1985), phase iv (1986–1999) and phase v (2000–2017) (we use lowercase letters to
make a distinction from the different phases of the Volta River Delta, Figure 3b). Within
the overall trend of a steady decrease in river discharge and sediment load throughout
the study period, a stepwise decrease pattern was observed as reported by Wang et al.
(2007) [5]. Specifically, the average annual river discharge and sediment load were similar
during phases i and ii, whereas the average annual river discharge of phases iii, iv, and v
decreased to approximately 75.28%, 33.07% and 33.55% of the phase i level, respectively,
while the sediment load was 68.65%, 32.76% and 9.26%, respectively (Figure 3b). Similar to
the Volta River Delta, dam regulations also significantly reduced the inter-annual variations
of river discharge and sediment load in the Yellow River Delta [5,49,68]. Furthermore,
reduced inter-annual variability of precipitation in the Yellow River Basin could also
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have contributed to reducing the inter-annual variations of river discharge and sediment
load [5,49].

We further tested the significance of the average annual river discharge and sediment
load due to the dam regulations in the two deltas (Figure 4a–d). The results showed
that the average annual river discharge and sediment load in the Volta River Delta were
significantly different in phase I than in phase II, while those in phase II and III were similar
(Figure 4a, p < 0.05), which confirms that the Akosombo Dam played a more important
role in the hydrological alteration of the Volta River than the Kpong Dam [19,69]. The
order-of-magnitude difference in the reservoir capacity and surface area between the two
dams demonstrated the dominance of the former [19]. As such, the hydrological alteration
of the Volta River Delta could be re-divided into two phases, i.e., before and after the
construction of the Akosombo Dam, which is consistent with Amenuvor et al. (2020) [19]
and Gyau-Boakye (2001) [19,70].
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Figure 4. Comparison of (a) average annual river discharge and (b) sediment load of the Volta River Delta, and (c) average
annual river discharge and (d) sediment load of the Yellow River Delta. Data are means ± SE. Differences for the Yellow
River Delta and the Volta River Delta were tested by one-way ANOVA with LSD post-hoc multiple test and non-parametric
Kruskal-Wallis test, respectively. Bars with different letters are significantly different (p < 0.05).

For the Yellow River Delta, the average annual river discharge and sediment load
of phase i were significantly different from the other phases except phase ii (p < 0.05,
Figure 4b), which suggests that the Sanmenxia Reservoir did not result in significant
hydrological alteration in the Yellow River Delta. In reality, the Sanmenxia Reservoir
suffered severe siltation during its operation and lost its regulation capacity quickly [71].
Additionally, the difference of river discharge between phase iv and v was insignificant
(p > 0.05, Figure 4b), which suggests that the Xiaolangdi Reservoir influenced the sediment
load more significantly than the river discharge in the Yellow River [55]. As such, four
distinct phases were re-divided when we neglected the insignificant influence of the
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Sanmenxia Reservoir (p > 0.05 for both river discharge and sediment load), which is
consistent with Wang et al. (2007) [5].

4.2. Morphological Evolution

No significant changes were visible at a regional scale in the Volta River Delta. The
shorelines of the Volta River Delta from 1975 to 2018 are shown in Figure 5 (adapted from
Amenuvor et al. (2020) [19]). Regional analysis showed that the shoreline at the latter stage
of the post-Akosombo Dam period (1975–2018) changed minimally and appeared to reach
a quasi-equilibrium (Figure 5).
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According to Ly (1980) [19], accelerating shoreline retreat was found at the Keta area
(Figure 1d, red circle) in 1956–1975, with the most rapid retreat rate of 8 to 10 m/year
occurring after 1964 due to the construction of the Akosombo Dam, which significantly
reduced the sediment supply to the delta [20,25]. Thus, the shoreline tends to reach a
quasi-equilibrium. This finding is consistent with the field observation that showed that
the overall shoreline of the Volta River Delta accreted at about 0.53 m/year from 1986 to
2013 [65].

As for the Yellow River Delta, following Cui and Li (2011) [21], the progradation-
erosion patterns of the overall shoreline change can be divided into four stages as shown
in Figure 6a–d: the rapid progradation stage (1977–1985), progradation-erosion adjustment
stage (1986–1995), slow erosion stage (1996–2002) and slow progradation stage (2003–2017).
Notably, when considering the different portions of the Yellow River Delta, the patterns of
the shoreline change could differ due to strong spatial variation [26,48,72–75].

The extracted shorelines show that the Yellow River mouth prograded rapidly from
1977 to 1985 (Figure 6a) after the course shifted to Qingshuigou in 1976 (Figure 1e) [74].
Afterward, the river mouth kept prograding while other regions of the delta were under
erosion (especially the abandoned river moth in the northern part of the delta) (Figure 6b),
which resulted in alternation between progradation and erosion during 1986–1995 [26].
After that, erosion of the Yellow River Delta prevailed from 1996 to 2002 (Figure 6c) due
to a steadily decreasing sediment load [26,74]. After the implementation of the Water and
Sediment Regulation Scheme (WSRS) in the Yellow River, which has been in place since
2002, the river mouth prograded again from 2003 to 2017 (Figure 6d), which was mainly
due to the coarser sediment delivered to the river mouth during the WSRS [21].

The deltaic area is calculated based on the shoreline. When studied in that way, the
shoreline of the Volta River Delta appears to attain a quasi-equilibrium with minimal
variation (maximum 0.53%) in its area (Figures 5 and 7), whereas the Yellow River Delta
shows a more dynamic evolution pattern of the shoreline with significant fluctuation
(maximum 6.49%) in its area (Figures 6 and 7). Notably, the erosion of the subaqueous
delta and adjacent shelf zone may provide a sediment source to partly compensate for the
decreasing fluvial sediment input, which could help to stabilize the shoreline and subaerial
delta [76]. Although the grain size affects sediment cohesion and network stabilization, the
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sediment load plays a more important role in the sediment balance of the river delta and
coastline evolution [48,77].
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Figure 7. Evolution of the delta areas of the Volta River Delta and the Yellow River Delta. The areas
of two deltas were normalized by their corresponding initial areas.

4.3. Changing Fluvial and Wave Forcings

The calculated fluvial dominance ratio R of the Volta River Delta has been less-than-
unity since 1936, which suggests that it has been wave-dominated since then (Figure 8).
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The fluvial sediment supply of the Volta River Delta decreased abruptly in 1964 due to the
Akosombo Dam’s construction and then remained relatively constant (Figure 3a), which
translates to the abrupt drop of the fluvial dominance ratio in 1964 and the subsequent
level-off (Figure 8).
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Overall, the fluvial dominance ratio R of the Yellow River Delta is much larger than
that of the Volta River Delta. Furthermore, the fluvial dominance ratio R of the Yellow
River Delta is affected by the changing sediment load as well as river avulsions that change
the location of the river mouth and hence the local wave climates. As such, the fluvial
dominance ratio increased after the river course shifted from Diaokouhe (average R ratio
is 37.60 from 1964 to 1976) to Qingshuigou (average R ratio is 78.54 from 1976 to 1996) in
1976 (Figure 8), despite the decreasing sediment load. The increasing fluvial dominance
ratio R is due to the decreasing local wave height (0.70 m at the Diaokou lobe and 0.6 m
at the Qingshuigou lobe), which indicates that the location of the river mouth and the
shoreline orientation can affect the relative strengths of fluvial and wave forcing. With
the continuous decrease of sediment load, the fluvial dominance ratio R of the Yellow
River Delta drops to below-unity for the first time in 2017 (Figure 8), suggesting its shift
to a wave-dominated delta under continuous decline of sediment load in the foreseeable
future [9].
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5. Discussion
5.1. Dam Effects on Hydrological Alterations

Although the sediment load both decreased substantially in the post-dam periods in
the Volta River Delta and Yellow River Delta, some obvious differences can be observed
between the two deltas. The annual sediment load in the Volta River Delta was subject to
an abrupt decrease to <10% of the pre-dam level due to the construction of the Akosombo
Dam in 1964, and stabilized afterward [19]. On the contrary, the sediment load of the
Yellow River Delta experienced a more gradual and steady decrease and attained ~10% of
the pre-dam level in the 1950s by 2017, and the trend of reduction is expected to persist in
the future [78].

The contrast can be attributed to the differences in the reservoir capacity and location
of the major dams for the two deltas. Specifically, the total reservoir capacity of the
Akosombo Dam and Kpong Dam in the Volta River is 148.16 billion m3, with a total area of
8507.45 km2 [19]. In contrast, the total reservoir capacity of the major dams in the Yellow
River is 55.60 billion m3, with a total area of 985.30 km2 [5]. Therefore, the coefficient of
reservoir capacity of the Volta River is 3.80, whereas that of the Yellow River is 1.25 [5,19],
suggesting a more significant dam effect on sediment retention in the Volta River.

Furthermore, the major dams (Sanmenxia, Liujiaxia, Longyangxia and Xiaolangdi
Dams) in the Yellow River are mainly located at the upper and middle reaches, and
block 17.47%, 24.18%, 91.54% and 92.35%, respectively, of the drainage area of the Yellow
River [50], whereas the Akosombo Dam is located much more downstream of the Volta
River, affecting 95% of the drainage area of the Volta River [34]. As such, the resulting
reduction in the sediment load of the Volta River Delta is much higher than that of the
Yellow River Delta. On the contrary, the total reduction of river discharge of the Yellow
River Delta (66.45%) is much larger than that of the Volta River Delta (20.36%), which is
mainly due to water extraction for irrigation and evaporation of the reservoirs in the river
basin. For the Yellow River Delta, the water extracted from the reservoirs for irrigation
amounted to about 242.80 ± 27.80 × 108 m3/year from 1982 to 2014 [79], whereas the
water loss caused by evaporation of the reservoirs was 10.05 × 108 m3/year from 1956
to 2016 [5,50,80]. Furthermore, the decrease of the annual average river discharge in the
Yellow River Delta from 1950s to 2010s was 295.13 × 108 m3, which was comparable to the
water volume extracted for irrigation, suggesting that the main reason for the decrease of
river discharge in the Yellow River Delta is water extraction for irrigation. Evaporation
of the Akosombo Reservoir occurred at about 102 × 108 m3/year from 1969 to 1991 [30],
which was comparable to the river discharge decrease of 121.69 × 108 m3/year after dam
construction. This suggests that the decrease of river discharge in the Volta River Delta is
mainly due to the evaporation of the Akosombo Reservoir.

In addition, decreasing precipitation and soil conservation activities in the river
catchment have also been recognized as main contributors to the significant decrease
of river discharge and sediment load [5,36]. However, our results show significant dif-
ferences in the hydrological alterations corresponding to the construction of the major
dams (Figures 3 and 7), which suggests that dam regulation plays a critical role in the
hydrological alteration of both deltas.

5.2. How Hydrological Alterations Affect Delta Morphology

A decreasing sediment load resulted in the historical adjustment of the shorelines
and areas of both deltas, which further led to their shift from river-dominated to wave-
dominated deltas [9,24–27]. The different shoreline and area evolutions were presumably
due to contrasting patterns of hydrological alterations, and the relative strengths of the
fluvial and wave forcings of the two deltas.

The annual sediment load of the Volta River Delta remained largely stable after 1970
(Figure 3a), whereas that of the Yellow River Delta continued to decrease, as it has been
doing since the 1950s (Figure 3b). Furthermore, the shifting of the river course in the Yellow
River Delta could enhance the progradation of the delta at the river mouth (Figure 6a–d)
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due to the relatively low sediment accommodation space at the nearshore area, i.e., the
“Course Shift Bonus” proposed by Zhang et al. (2018) [81]. Currently, although the Yellow
River Delta is likely to keep prograding at the river mouth [43], the progradation could
be unsustainable due to the functional degradation of the WSRS [51,82], suggesting a
potential erosion of the delta under the projected continuous decrease of sediment load
in the foreseeable future. Nevertheless, the potential shoreline retreat in the Yellow River
Delta could possibly last for a while and transition to a new quasi-equilibrium as has
already happened in the Volta River Delta [19,28].

The shoreline of the Volta River Delta quickly attained a new equilibrium after erosion
over around 10 years following the Akosombo Dam’s construction (Figure 5). This can also
be explained from the perspective of the relative fluvial and wave forcings. As shown in
Figure 8, the fluvial dominance ratio of the Volta River Delta is constantly less-than-unity,
which suggests relatively strong wave forcing when compared to fluvial forcing. As such,
the relatively strong wave forcing can substantially rework the river delta after the decrease
of the sediment load, and drive the river delta toward a new equilibrium. However, the
river dominance ratio of the Yellow River Delta remained greater-than-unity until recent
years, which suggests that, though shifting to a wave-dominated delta, the Yellow River
Delta may still receive enough sediment input to counteract the wave-induced sediment
transport. To attain a new equilibrium may require a continuous decrease of sediment load
in future decades for the wave forcing to eventually prevail. Furthermore, sea level rise
would result in accommodation space for the extra sediment load to fill, which could also
affect the sediment balance of the river delta in the future [12].

5.3. Conceptual Model Showing the Processes of Dam-Influenced Delta Evolution

The overall effects of dam regulation on deltaic hydrological alteration and morpho-
logical evolution are summarized in the conceptual model shown in Figure 9. Basically,
it shows that the river discharge and sediment load decreased significantly under dam
regulation (Figures 3, 4 and 9) [5,19], and the fluctuation during the pre-dam period was
much greater than that during the post-dam period (Figures 3, 4 and 9) [5,19]. The river
discharge and sediment load appeared to attain a quasi-equilibrium at the latter stage of
the post-dam period after a significant reduction (Figures 3, 4 and 9) [19]. The changing
sediment load further changed the balance between fluvial and wave forcings, which could
cause delta erosion (Figures 7–9) [9,63]. Finally, it is foreseeable that the delta shoreline
and area may potentially transition into a new quasi-equilibrium as the Volta River Delta
(Figure 8) [19]. Notably, the conceptual model only presents the overall evolution of wave-
dominated deltas under dam regulations. The different phases of the proposed cycle in the
conceptual model could happen simultaneously and overlap with one another due to mul-
tiple dam construction projects and varying shoreline adjustment [19]. Other natural and
anthropogenic factors could also affect the hydrological processes and hence morphological
evolution of the delta, including precipitation, evaporation, irrigation, soil conservation
measures, etc. [5,77]. Notably, the erosion of the subaqueous delta and adjacent shelf zone
may provide a sediment source to partly compensate for the decreasing fluvial sediment
input, which could help to stabilize the shoreline and subaerial delta [66]. However, the
coast of the Volta River Delta is bounded by a narrow shelf, which is characterized by a
fairly uniform, moderately steep slope of between 1:120 and 1:150 up to −15 m [25,83,84],
whereas the subaqueous slope of the Yellow River Delta is relatively low, ranging from
1:900 to 1:2500 [48]. The relatively steep subaqueous slope suggests a limited width of
the subaqueous Volta River Delta, and hence, presumably, less sediment storage than the
Yellow River Delta.
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6. Conclusions

In this study, we analyzed the hydrological alteration and morphological evolution of
the Yellow River Delta and Volta River Delta to explore the effects of dam regulation on the
deltas in question. The major findings from this study can inform other deltas with similar
characteristics and forcing factors, and are summarized as follows:

1. The annual river discharge and sediment load, and their inter-annual variations,
decreased significantly for both the Volta River Delta (1936–2018) and Yellow River
Delta (1950–2017). The changes can be correlated with the construction of major dams,
which can be further divided into two and four phases, respectively, corresponding
to the construction of the major dams in the two rivers.

2. The annual sediment load of the Volta River Delta was subject to an abrupt decrease
to <10% of the pre-dam level due to the construction of the Akosombo Dam in
1964 and stabilized afterward, whereas that of the Yellow River Delta decreased
substantially yet more gradually to ~10% of the pre-dam level in the 1950s by 2017.
The difference can be attributed to the much greater reservoir capacity and more
downstream location of the dam in the Volta River.

3. The contrasting patterns of hydrological alterations of the two deltas resulted in
different evolution patterns of the shorelines and delta areas. While the shoreline
of the Volta River Delta appeared to attain a quasi-equilibrium at the latter stage
of the post-Akosombo Dam period (1975–2018) after intense shoreline retreat in the
1960s, the progradation-erosion patterns of the shoreline change in the Yellow River
Delta (1977–2017) were more dynamic. However, it is foreseeable that if the trend
of sediment reduction persists, it may potentially turn the net delta progradation to
erosion, and further into a new quasi-equilibrium like that of the Volta River Delta.

4. The Volta River Delta has been wave-dominated since 1936 and has become more
wave-dominated due to the abrupt decrease of sediment load in 1964. The relatively
strong wave forcing substantially reworks the river delta and drives the river delta
toward a new equilibrium. On the contrary, the Yellow River Delta has started shifting
to become wave-dominated since 2017 due to a more gradual decreasing trend of
sediment load and river avulsions, which has changed the local wave climate. The
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relatively weak wave forcing of the Yellow River Delta suggests a longer timescale is
required to potentially attain a new equilibrium.

Our comparative study examined the cases of selected deltas, to inform other similar
deltas worldwide, as summarized in the proposed conceptual model. Further analyses of
the morphodynamic adjustment of the downstream river channel to the changing sediment
load in the Yellow River Delta and Volta River Delta are recommended for future studies.
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