INTRODUCTION

Delta depositional systems are well recognized
as accumulations of sediment at the end of a
channel where it discharges into a standing
body of water (Davis & Davis Jr 1983). The
characteristics of this depositional system are,
however, influenced by many factors through
time, such as sediment supply, waves, tides and
river flow, all of which can generate destructive
phases in a delta’s geological record (Davis
& Davis Jr 1983). Another important factor
in modifying the balance between accretion
and erosion in deltas is human interference,
especially on river catchments.
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Abstract: Reservoir-building on rivers is still “the Brazilian energy culture”, such that
many other dams are being constructed and planned, with many other rivers potentially
suffering the same impact in their sediment flux. In this study, we evaluated the impacts
of reservoir-building on the erosion of the Sao Francisco, Jequitinhonha, Doce, and
Paraiba do Sul river deltas. A time series of Landsat images from 1973 to 2020 was
analyzed, with three key highlighted moments (1973, 1997 and 2020) that summarize the
erosion processes on these deltas. In addition to the images, continuous river water
discharge, sediment discharge and basin rainfall data were analyzed between 1940 and
2020, providing river parameters over a period exceeding that of the satellite data. The
findings suggest that coastal erosion has progressed in the four deltas, with higher
estimated losses in the Sao Francisco and Paraiba do Sul over the 47 years of available
satellite images. However, despite minimal overall estimated gains, the Jequitinhonha
and Doce experienced high erosion at their river mouths, as in the other two rivers,
compensated by accretion in distal coastal areas. These results can be explained by
reductions in river flux and consequent sediment transport capacity due to reservoirs.

Key words: Delta erosion, landsat time series, reservoir, river impacts, sediment load,
South Atlantic rivers.

Human activity inriversisasold as humanity,
and evidence of occupation of deltas was
observed well before the Roman Empire, firstly
leading to increases in the sediment influx in
catchment areas, due to extensive use of lands
and deforestation, and following the Industrial
Revolution, decreases in sediment flux due to
the construction of dams, irrigation systems
and structures that adversely affect sediment
flow (Syvitski & Saito 2007, Evans 2012, Maselli &
Trincardi 2013, Anthony et al. 2014, Besset et al.
2019). Modern anthropogenic interferences on
rivers and deltas can lead to persistent erosion,
often aggravated by exacerbated subsidence
in deltas with hydrocarbon/water exploitation
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(Syvitski 2008) and, approximately 70% of the
large river systems have been fragmented by
dam construction (Zarfl et al. 2015). Considering
that deltas receive 50% of the sediment budget
to the oceans (Syvitski & Saito 2007), this
situation contributes to a generalized coastal
erosion process around the world (Mentaschi et
al. 2018).

A huge number of deltas worldwide, such
as those of the Ebro, Nile, Yangtze, Mekong, and
Mississippi, suffer from a lack of sediment due to
upstream dams (Syvitski et al. 2009, Li et al. 2017).
Even the Amazon River is undergoing significant
ecological and environmental impacts due to the
dams on it's tributaries (Latrubesse et al. 2017).
In other environments, the lack of sediment and
rising global sea levels modify estuarine delta
environments and sediment fluxes (Gao & Wang
2008), water resource management (Vorosmarty
et al. 2003), and the carbon cycle (Bianchi &
Allison 2009).

In Brazil, hundreds of multi-size and multi-
purpose reservoirs, for hydropower, water
supply and irrigation, have been constructed,
according to the Electric Energy National Agency
(ANEEL). Twenty-three of them were placed on
the catchment area of four rivers that build
wave-dominated deltas (Dominguez 1996, 2004,
Anthony 2015) on the eastern Brazilian coast: Sao
Francisco; Jequitinhonha, Doce and Paraiba do
Sul (Fig. 1). In this scenario of anthropogenically
impacted rivers, the aim of this study is to
identify the recent changes in these deltas and
discuss their possible link to human impacts on
river sediment flux over the last 35 years.

The currently dominantly erosive state of
the Brazilian coast has been reported in several
studies, such as Muehe (2006) and Dominguez
(2009), but the most exhaustive panorama is
that proposed in the framework of the National
Coast Line Conservation Program (PROCOSTA).
In PROCOSTA, Muehe (2018) and others present
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a complete analysis of the Brazilian coast, and
especially highlight the fact that all coastal
states have, at least, 15% (in some cases 60%) of
their coastlines in an erosional situation.

STUDY AREA

The present study analyses the deltas and the
rivers of four Brazilian catchment areas (Fig.
1), as defined by the Brazilian National Water
Agency (ANA) and its hydrographic division.

The four catchments exhibit different
geologicaland geomorphological characteristics,
climate regimes and biomes, resulting in distinct
hydrological regimes, with a combined riverine
inflow to the Brazilian east coast of 5,370 m?3/s.

The drainage area of the Sao Francisco
(SF) river basin covers 639,219 km? (Fig. 1) and
the main channel is 2,863 km long and goes
through seven states (Minas Gerais, Bahia,
Distrito Federal, Goias, Pernambuco, Sergipe
and Alagoas), with variable climatic conditions,
from tropical to semi-arid. The average annual
catchment rainfall is about 1,000 mm/y and the
annual mean water discharge 2,943 m3/s (ANA
2021). The water management system consists of
six reservoirs, located in the main river channel
(Xingo [1]; Paulo Afonso [2]: Apolonio Sales [3];
Luiz Gonzaga [4]; Sobradinho [5]; Trés Marias [6]).

The Jequitinhonha river (JQ) drainage basin
covers a total area of approximately 70,315
km?2 (Fig. 1), in the states of Minas Gerais and
Bahia, and has a length of 920 km. Due to its
relatively moderate size compared to the SF, the
JQ river basin is located within distinct climatic
conditions, from tropical to semi-arid, with an
average annual rainfall of ~ 1700 mm/y and has
an annual mean discharge of ~ 410 m3/s (ANA
2021, Ferreira & Silva 2012). The basin water
management system consists of two reservoirs
in the main channel of the river (Itapebi [7] and
Irapé [8]).
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Figure 1. Map of the four river
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The drainage area of the Doce river (DC) basin
covers 83,400 km2 (Fig. 1), in Minas Gerais and
Espirito Santo states. The main channel length
is 853 km, totally under tropical conditions, with
an average annual rainfall of about 1,200 mm/y
and a mean annual water discharge around 900
m3/s (ANA 2021). The DC water management
system consists of four reservoirs in the main
river channel (Mascarenhas [9]; Aimorés [10];
Baguari [11] and Risoleta Neves [12]).

The Paraiba do Sul river (PS) drainage basin
has a total area of approximately 56,500 km?

T
39°00 W

(Fig. 1), located in Sao Paulo, Rio de Janeiro and
Minas Gerais states, and its main channel has
a length of 1137 km. The basin experiences a
tropical climate, with an average annual rainfall
of ~ 1450 mm/y (Marengo & Alves 2005) and an
average annual water flux of ~ 1118 m3/s (ANA
2021). The PS has one of the biggest water
management systems in Brazil, with two water
diversion systems, in Rio de Janeiro and in Sao
Paulo, comprising twelve reservoirs (Barra do
Brauna [13]; Ivan Botelho Il [14]; Zé Tunin [15];
Ivan Botelho Il [16]; Ivan Botelho I [17]; Itha dos
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Pombos [18]; Simplicio [19]; Funil [20]; Queluz
[21]; Lavrinhas [22]; Santa Branca [23]; Paraibuna
[24]).

MATERIALS AND METHODS

In order to gain an understanding of rain and
water fluxes and their changes in the four
river basins, gauged monthly basin rainfall,
gauged monthly flow volume time series for the
terminal stations, and available but incomplete
series of sediment load, were downloaded
from the Hydrological Information System
(Hidroweb; https://www.snirh.gov.br/hidroweb)
of the Brazilian National Water Agency (ANA),
with variable data periods in each station, but
consistently starting around the 1940's. The data
are periodically reviewed by ANA, identifying
errors and filling gap series using regional
weighting and linear regression. Information
on existing reservoirs and their storage were
obtained from the National Electric System
Operator (ONS) website (http://www.ons.org.br/
paginas/energia-agora/reservatorios).

To characterize the shoreline morphological
changes in the four deltas (Fig. 1a-d), a set of
188 remote sensing images were analyzed. The
images were obtained from the Earth Explorer
Open Database (https://earthexplorer.usgs.gov),
and covered the period 1973, to 2020 forming
a time series of 47 images for each delta. The
images were provided by Landsat 1 Multispectral
Scanner (MSS) with a spatial resolution of 80
m (1973), Landsat 7 Enhanced Thematic Mapper
(ETM+) with a spatial resolution of 30 m (2000),
and Landsat 8 Operational Land Imager (OLI)
with a spatial resolution of 30 m (2020). Some
basic layer compositions were used to enhance
morphological changes in the deltas, such as
421 for Landsat 7 images and 4,3,2 for Landsat 8
images. One-layer images (band 6) were used for
Landsat 1 images, due to incomplete datasets.
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The images were enhanced (brightness, contrast
and saturation) in QGIS 3.20.2 Odense software,
to obtain the requirements for coastal mapping
and delineation of water bodies. The coastline
identification methodology was based on that
used by Gamage & Smakhtin (2009), Hereher
(2011), Anthony et al. (2015), Ali & El-Magd (2016),
Li et al. (2017) and Ghorai & Mahapatra (2019).
With the coastline manually marked in all
images and, the same projection system (Lat/
Lon), the images were organized under the same
resolution and zoom, creating a layered historical
series. The 1973 images were considered as the
reference coastline that was compared with the
2000 and 2020 images in order to determine
erosion and accretion zones between 1973 and
2020. The same procedure was carried out with
geographical information system (GIS) tools
(automatic coastline determination), using the
methodology proposed by Ghorai & Mahapatra
(2019), with sequential procedures consisting of
preprocessing, coastal water index preparation,
bright pixel enhancement, thresholding, binary
image classification, vectorization, shoreline
selection, and shoreline geometry simplification.
The result of these procedures was the extraction
of the delta coastlines from each image.

These estimations of gain/loss area are
based on the satellite image analysis (area
differences between superimposed lines) and
express the fact that the net multi-decadal
area variations observed are higher than the
expected seasonal area variations for delta
coastlines (Gamage & Smakhtin 2009).

RESULTS

Figure 2 shows the time series of reservoir
storage growth, gauged monthly flow volume
for the terminal stations, inconsistent series
of sediment load, and gauged monthly basin
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rainfall for the four basins between 1940 and
2020.

The gauged monthly flow volume time series
(Fig. 2) analyzed for the SF have some missing
data between 1940 and 1958 and between
1974 and 1977, and the gauged monthly rainfall
series (Fig. 2) analyzed for the DC have missing
data between 1940 and 1961, but these two
parameters show consistency in the historical
series for all four rivers.

The sediment load series shows many gaps
(Fig. 2) in all four rivers, but could be assembled
for the SF over the last twenty years, the JQ over
the last fifteen years, the DC over the last 40
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years and the PS over the last 30 years. In the
SF and JQ, the sediment load peaked to attain
40 mg/l in the early 2000s, and no more than
20 mg/l in the late 2010s. In the DC, it reached
1000 mg/l in the mid-1990s, but was no more
than 100 mg/l in the late 2010s. The abnormal
peak in the DC data, related to the effects of the
tailing dam failure of Fundao (Mariana, MG) in
2015 (Quaresma et al. 2020), reached 18190 mg/|;
in the PS, it reached 400 mg/l in the early 1990s
but dropped to no more than 20 mg/lin the late
2010s.

Cumulative dam storage (Fig. 2) started
increasing in the late 1960s in the SF, and kept
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growing until the mid-1990s, when it reached
60.23 billion cubic meters (BCM), due to the
construction of the six related dams, but the
greatest increment can be noticed in the early
1980s, with the conclusion of the Sobradinho [5]
dam. In the JQ (7.59 BCM), the cumulative dam
storage started to grow in the late 1990s and
stabilized in 2006, with the conclusion of the
Irapé [8] dam. The same evolution occurred in
the DC, but there are four dams in this basin
(4.27 BCM), with an increase in storage in the late
1960s and early 1970s. In the PS, the cumulative
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dam storage started increasing in the mid 1970s,
and reached its current volume, with twelve
dams (14,29 BCM) in the early 2010s, following the
commissioning of the Queluz [21] and Lavrinhas
[22] dams.

The composite figure obtained from the
satellite images for 1973, 1997 and 2020, with the
reference of the 1973 coastline (red line) for the
four deltas is presented in Fig. 3.

Using the 1973 images as a reference for the
1997 images, we note erosion in the river mouths
of the SF and the PS (Fig. 3a-2, d-2), but in the

¥ Figure 3. Changing morphology
4 of the four deltas in the river
mouth area (SF- a; JQ - b; DC
-¢; PS-d), in 1973 (1), 1997

(2) and 2020 (3). The red line
shows the 1973 coastline for
reference.
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JQ and DC (Fig. 3b-2, c-2) the process seems
more balanced, with some accretion and some
erosion. When the comparison includes the
2020 images, more intense erosion is observed
in the SF and JQ (Fig. 3a-1, a-2, a-3, b-1, b-2, b-3),
whereas the DC shows a continuous balance
(Fig. 3c-1, c-2, ¢-3) and the PS discrete erosion
(Fig. 3b-1, b-2, b-3).

DISCUSSION

The data presented in Fig. 2 show a reduction
in average flow volume after 2010 in the JQ,
DC and PS, and since 1994 in the SF. Despite
the inconsistency of the sediment data, the
reduction of the average flow volume can be
linked to a reduction of the sediment load, as has
been shown by various other studies on deltas
(Bussi et al. 2021, Maselli & Trincardi 2013, Yang
et al. 2014, Besset et al. 2019). The Sao Francisco
(SF) river shows a significant reduction in mean
flow (Fig. 2) and increased erosion (Fig. 3a-2, a-3)
after the construction of the Xingd dam in 1994,
indicating that the building of a dam so close to
this Atlantic-facing river mouth can modify the
delta shoreline dynamics, as has been shown
also in the case of the wave-dominated Volta
river delta in West Africa dammed close to the
Atlantic (Anthony et al. 2016). Similar situations
can be noticed in the Jequitinhonha (JQ),
following the conclusion of the Itapebi (1999)
and Irapé (2002) dams, with a reduction of flow
volume and increased erosion between 1997
and 2020 (Fig. 3b-2, b-3). In the Paraiba do Sul
(PS), the reduction of mean flow volume is more
evident after 2010, with the conclusion in 2015 of
the water diversion system in Sao Paulo (Paiva et
al. 2020), but the 12 dams in the major channels
have had a constant influence on delta erosion
since 1985 (Fig. 3d-1, d-2, d-3). The Doce (DC) river
also presents a reduction of the average flow
volume after 2012, but with discrete erosional
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response in the satellite images (Fig. 3c-1, c-2,
c-3). The erosional patterns described for each
delta can also be related to the number of dams
and storage in the basins (Gamage & Smakhtin
2009), showing that the sediment regime in all
four basins is sensitive to reservoir size and
installation.

While areas of erosion and deposition
change, the overall estimated (based on satellite
image analysis) tendency for the SF and PS is
retrogressional (Fig. 4a-2, d-2). Despite in the fact
that the JQ and DC show a positive estimated
annual rate of loss/gain (Fig. 4b-2, c-2), they also
show a generalized erosion in the river mouth
sector.

The retroggression observed in the four
deltas mouths (Fig. 4) cannot be explained by
the regional sea-level rise, as there is only a
mild trend of increase for the South Atlantic
(Frederikse et al. 2021). The erosion in these
deltasis most plausibly explained by the reduced
sediment supply, which is directly related to
upstream flow regulation (dams building). Since
the 1980's, all four rivers have been subjected
to the building of several reservoirs that have
led to the reversal of the typical progradation
pattern of the deltas (Fig. 4). Despite erosion
being a dominant process close to the river’s
mouth, deposition still occurs in limited sections
of the coastline, far from the river mouth. This is
a typical pattern observed in wave-dominated
deltas wherein erosion at the mouth results
from weakening of the river outflow jet by
water discharge relative to the ambient waves
(Anthony 2015, Zainescu et al. 2021). Bedload
reworked in the wake of this erosion of the river
mouth is commonly redistributed alongshore
by wave-induced longshore transport, leading
to reduction of the delta protrusion (Besset et
al. 2017). An extreme case of such a plan-view
modification of the delta protrusion is that of
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river mouth area (SF- a; JQ - b; DC - ¢; PS - d), with
1973 highlighted coastline (1) and with erosion (red)
| accretion (green) balance (2) in between 1973 and
2020.

the Moulouya delta in Morocco (Snoussi et al.
2002).

This change in the deltas sedimentation
pattern is especially relevant in the light of the
generalized erosive trend currently prevailing
along the Brazilian coast (Muehe 2018). These
deltas are not only redistributing sediments in
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an attempt to maintain their stability but are
contributing to the general sediment load on the
Brazilian eastern coast through this longshore
redistribution.

This study can be improved with longer
series of sediment loads and the use of higher
resolution remote sensing images, but even with
the existing limited data, the results of the study
are consistent with the affirmation of Gamage
& Smakhtin (2009), that upstream basin storage
development leads to the retreat of deltas. In
the SF the situation is critical, because the mean
flow has dropped by half in the last ten years. A
similar situation can be observed in the PS, with
an almost “closed basin” case, with twelve dams
and two diversions regulating the river flow.
The situation in the JQ and DC is also likely to
deteriorate with the construction of dams that
lead to additional storage.

Sedimentation modeling of the major
Brazilian rivers would be usefulin understanding
the relationship between upstream runoff
reduction, sediment discharge reduction,
upstream reservoir storage increase and their
impacts on deltas. These studies could lead to
the specification of environmental flow releases
in the reservoirs, to compensate for delta
sediment regimes, and the planning of new
types of dams that are designed to preserve
the sediment load characteristics of the rivers
(Gamage & Smakhtin 2009).

CONCLUSIONS

“Starving” deltas are now an increasingly more
common feature of the world’'s coasts, and the
eastern Brazilian coast and its deltas are no
exception. We identified four wave-dominated
deltas on this coast that are now vulnerable to
erosion as a result of sequestration of sediments
in upstream reservoirs. A consequence of this
is that the eastern Brazilian coast is not only
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receiving less sediment, but this situation is
leading to erosion of distant stretches of coast
that are not directly related to these deltas.

The building of reservoirs for water
storage and electricity generation is leading
to a significant decrease in sediment supply,
especially bedload to deltas. This study
demonstrated that the Sao Francisco (SF),
Jequitinhonha (JQ), Doce (DC) and Paraiba do
Sul (PS) deltas have been in retreat for the last
35 years, with erosion at the mouths and some
deposition along adjacent deltaic shorelines
that is related to redistribution of sediments
eroded at the mouth. The reduced water and
sediment inflow is the main cause of this retreat
and is closely related to the building of reservoir
storage and dams.

This situation can get worse considering
the ongoing global sea-level rise, which can
accelerate the erosion process in these deltas.
The rivers that reach the Brazilian coast must
be studied with detailed sedimentation models
that are capable of analyzing the relationship
between water and sediment flow throughout
the river reaches and their reservoirs, and how
this affects the deltas and the coastline. This
could lead to better river flow control, with
environmental flow releases forthe maintenance
of deltas and the coastline.
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