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Abstract: The Amazon River delta may be currently characterized biophysically as a relatively
preserved delta compared to the rampant vulnerability of many of the world’s large deltas. This status
of relative preservation is reflected in a number of criteria: The still largely free-flowing nature of many
of the rivers and the main stem of the Amazon that feed the delta in sediment, exceptional biodiversity,
dominant shoreline accretion, and the absence of anthropogenically-generated subsidence. In this
review, we show that these relatively reassuring conditions are progressively being called into
question by the effects of dams on fluvial sediment supply to the delta, by increasing demographic,
urban, and land development pressures in this still largely underpopulated delta, and by problems of
governance that underplay aspects of basin-wide and deltaic environmental deterioration. A major
challenge is that of bringing together these contrasting demands that are leading to the emergence of
zones of environmental stress that test the resilience of this delta. An integral part of the strategy for
the analysis of collective action, management, and conservation is that of considering the Amazon
delta in terms of interacting socio-ecological systems. Pressures on the delta will be compounded
in the future by decreasing fluvial sediment supply and sea-level rise. Although climate change is
projected to generate surplus sediment, the rapid growth of dam constructions upstream of the delta
will negatively impact the river’s sediment flux. Conservation and management of the Amazon River
system aimed at keeping the delta resilient in the context of sea-level rise and reduction of sediment
supply will require clear governance and better planning and anticipation, as well as socio-ecological
integration. These are also requirements that will need to be implemented in the 1500 km-long coastal
zone of the Guianas countries located west of the Amazon delta and the sediment dynamics and
stability of which are largely determined by sediment supply from the Amazon.
Keywords: Amazon river; Amazon delta conservation; Amazon delta management; delta socioecological systems; Amazon-influenced Guianas coast

1. Introduction
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Much of the early research on modern deltas focused on their oil- and gas-bearing
potential, inspired by an extensive corpus of work on the Mississippi delta, and how it is
an analogue for ancient deltas in the rock record. There has been a shift, however, towards
increasingly more diverse, and cross-disciplinary research on deltas under the increasing
pressures of population growth in coastal areas, human modifications of river basins, and
the effects of climate change, notably on sea-level rise and storm intensities [1]. At the nexus
of watersheds, land, coastal areas, oceans, and human settlements, river deltas pose specific

Water 2021, 13, 1371. https://doi.org/10.3390/w13101371

https://www.mdpi.com/journal/water

Water 2021, 13, 1371

2 of 23

challenges to environmental governance and sustainability because of the high degree
of functional interdependencies shaping their social-ecological dynamics [2], and that
eventually underlie management and conservation strategies. Deltas are characterized by
low topography and are thus particularly vulnerable to catastrophic river floods, tsunami,
cyclones, subsidence, and global sea-level rise. This vulnerability is increasing as a result
of reduced sediment flux from rivers and various other modifications caused by human
interventions [3–5]. Although deltas may develop resilience and adapt to changes in
sediment supply and sea level, commonly by re-organizing their channels and their patterns
of sedimentation, human impacts coupled with the effects of climate change are rendering
many deltas economic and environmental hotspots. If river deltas are complex, the Amazon
is arguably the most complex of all, given the exceptional continental scale, biophysical
diversity, and global significance. The management and conservation of the region’s delta
system is a task beset with complexity and uncertainties.
The Amazon delta (Figure 1) is unique in several ways: The inordinate size of the
catchment to which it is connected and the massive sediment supply have led to the
formation of the world’s largest delta with significant hydrological, sedimentological,
morphological, and ecological diversity. The sheer size of the delta has implied widely
varying area estimates: 465,000 km2 [6], 467,100 km2 [7], 160,662 km2 [2], and 85,667 km2 [8].
In [2], the authors defined the delta area based on the intersection of biophysical and
political-administrative boundaries, and suggested that the larger estimates may be due to
the full inclusion of tidal channels and flats not directly connected to the main river and
channel network. The influence of Amazon-derived sediments is felt along a coastal belt
stretching for 1500 km from the mouths of the river to those of the Orinoco (Figure 1). At
a time when more deltas are becoming vulnerable and less resilient, the Amazon River
delta remains biophysically resilient, whether on the basis of accelerated human-induced
subsidence [9] or in terms of gains or losses in the area of the shoreline [10], although its
population is growing rapidly (Table 1).
Table 1. Geomorphic area (defined as both land and water), habitable area (land area), and population increases in the
Amazon delta [8], and 2020 population density [11,12].
Delta Area (km2 )
Geomorphic Area
Habitable Area
84,429.42
58,747.72
Including metropolitan area of the cities of Belém
and Macapá

LandScan Population Data
Population Year 2000
375,797

Population Year 2010
646,335

Population Year 2020
746,287

3.3 mi

4 mi

4.3 mi

Notwithstanding this current status, the Amazon delta is faced with significant human
and environmental challenges that may progressively erode away the firm status of a
non-vulnerable delta in which it is presently set. This paper is a review of some of the
management and conservation issues facing the Amazon River delta and the Amazoninfluenced Guianas coast of South America. The review is based on a cross-disciplinary
evaluation of research on both the delta and its fluvial hinterland. It will focus on a
number of key themes, and insist on the intricate relationship between management and
conservation aspects, notably considered in the framework of socio-ecological systems, and
overarching governance issues. Whether a credible agenda of integrated management and
conservation can be implemented to mitigate future vulnerability and maintain resilience
of the Amazon delta in the face of sea-level rise and these rising challenges remains
to be seen. Following this (1) introduction, we develop the following themes: (2) The
Amazon delta and its river basin; (3) delta hydrology, morphology, and sedimentation;
(4) gauging pressures that are building up on the delta, as well as on river-delta connectivity
and the expected effects of climate change viewed in terms of sediment supply and sealevel rise; (5) a management and conservation framework for the Amazon based on
socio-ecological systems; (6) the alongshore extension of the Amazon’s influence on the
Guianas coast; and finally, (7) the conclusions. The review of the study is complemented
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by mapping aspects of deltaic landforms, shoreline geomorphic changes, and delta-wide
socio-ecological relationships, the methodological aspects of which are briefly presented in
the relevant sections

Figure 1. Digital elevation model from ETOPO1 (a) and Landsat mosaic (September to November
2017) of the lower Amazon River from Óbidos to the mouths (b); South American setting showing the
Amazon River basin (green) and the Guianas countries (purple) influenced by Amazon sediments,
including the mouths of the Orinoco River basin (orange) (c).
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2. The Amazon Delta and the River Basin
The Amazon delta is connected to a drainage basin (Figure 1) with an area of
6.1 × 106 km2 [13], by far the largest on Earth. The basin is flanked to the west by the
Andes Mountains, which are part of an active tectonic margin, encased between the Central
Brazil and Guiana Shields, and its delta has formed on a passive continental margin. An
estimate of the mean annual water discharge of the river at the village of Óbidos, 800 km
upstream of the mouth (Figure 1) has been set at 173,000 m3 s−1 [14]. The Amazon also
discharges the highest total sediment load to the global oceans. The estimated sediment
load delivered to the Amazon basin by weathering and erosion of the Andes Mountains
is 2300–3100 Mt/y [15], but complex sediment storage and release pulses in floodplains
upstream of the delta and within the delta plain itself result in a sediment discharge at
Óbidos, ranging from only 754 to 1000 × 106 t a1 [14,16]. Overall, as a result of the size of
the Amazon basin, the specific sediment yield of 190 t km2 a−1 corresponds to the world’s
average [17]. About 90% of the sediment load is silt and clay [18], reflecting intense tropical
weathering of the dominantly Andean magmatic rocks [19,20], and smectite (35%), illite
(25%), and kaolinite (31%) have been identified in surface deposits at the mouth of the
Amazon. Amazon sediment mineralogy changes with distance along its course. The mud
fraction derived from the Andes is initially dominated by the first two clay minerals but
becomes progressively enriched in kaolinite as a result of downstream chemical weathering
under the tropical climate regime [21,22]. Bedload estimates at the delta are rather sketchy
but much lower than the mud fraction, as one would expect with large river catchments.
The authors of [23] computed a bedload of about 4.7 × 106 t a−1 based on bedform
structures, which is a very small fraction of the total load. Near the main source areas at
the foot of the Andes, the sand fraction contains heavy minerals and lithic fragments [24],
but becomes progressively richer in quartz due to weathering of the fragile magmatic
rock minerals and to contributions of quartz-rich sediments from tributaries of the lower
basin draining basement shield rocks [21,22]. Amazon sediment is mostly supplied by the
Madeira and Solimões tributaries, the suspended load of which is >100 mg/L [25,26], with
a negligible contribution of <10 mg/L by the Rio Negro [26]. The works of [14], [27,28]
have shown that the liquid discharge is relatively regular whereas sediment discharge
showed more significant inter-annual and decadal variability.
The Amazon basin encompasses the single largest remaining tropical rainforest in
the world, houses at least 10% of the world’s known biodiversity, including endemic and
endangered flora and fauna, and contains the largest number of freshwater fish species in
the world (https://wwf.panda.org/discover/knowledge_hub/where_we_work/amazon/
about_the_amazon/? (accessed on 20 March 2021)). As [29] noted in their excellent synthesis on Amazon sediment transport across the fluvial to coastal continuum, the large scale of
the Amazon River provides other valuable reasons to investigate its coastal interface: Amazon discharge impacts the global ocean, especially the Atlantic and its freshwater discharge
is nearly a fifth of the world’s total river discharge. Its solute release, 260–290 Mt/y, i.e.,
260–290 ◦ ø 106 t/y [30,31], is the dominant point source for many chemical components
entering the global ocean. The importance of the Amazon river plume for ocean CO2
sequestration has been emphasized by [32]. The Amazon supplies most of the sediment
migrating along, and deposited on the 1500-km long coast of the Guianas to the Orinoco
River delta in Venezuela (Figure 1c) during the present high stand of sea level [33].
3. Delta Hydrology, Sedimentation, and Geomorphology
The Amazon delta coast composes 14% of Brazil’s coastline [34], and comprises three
of the country’s 26 states (Amapá, Maranhão, and Pará). The sheer size of this delta implies
that collecting spatial (and temporal) data on its hydrology, sedimentology, geomorphology,
and landforms is a Herculean task that is best tackled by Earth-observation techniques
(e.g., [34,35], complemented by field monitoring stations). The climate of the delta is
equatorial humid and strongly influenced by the Intertropical Convergence Zone, the
migration of which generates seasonal rainfall of up to 4000 mm between December and
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May and a dry season from June to November, with up to 350 mm of rainfall [36,37]. ITCZ
variability is also controlled by ENSO conditions with repercussions on rainfall [38].
Figure 2 is a MERIT digital elevation model [39] of the large delta plain and its
narrower river floodplain extension. The figure also shows a continuum of changing water
levels from Óbidos to the northern part of the river mouth and aspects of sedimentation in
this continuum identified by [40]. The delta is characterized by elevations that are largely
within the delta’s tidal range variation with marked spatial variability generated by the
juxtaposition of channels, levees, flood basins, and lakes, and discontinuous sand barriers
and cheniers, but there are areas up to 11 m high. The delta experiences semi-diurnal
tides and the spring tidal range at the mouth varies from 5 to 8 m, diminishing gradually
upstream, but connecting and rendering uniform vertical references is still a challenge.
Tidal influence on river flow is felt as far upstream as the village of Óbidos [41]. Overprinted
on these variations is a marked seasonal trend with the highest water levels in May–June
and the lowest in October–November [29]. High flood levels and prolonged inundation
of the Amazon River occur during La Niña events (cold ENSO-phases), and lower flood
levels and shorter inundation durations during El Niño events (warm ENSO-phases).

Figure 2. MERIT digital elevation model (DEM) of the Amazon delta. The MERIT DEM [39] is
available for download at http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM/, accessed on 15
February 2021. The DEM represents elevation in meters, referenced to WGS84 and EGM96. The data
are prepared as 5 degree × 5 degree tiles (6000 pixel × 6000 pixel). The authors of [39] separated
absolute bias, stripe noise, speckle noise, and tree height bias using multiple satellite datasets and
filtering techniques. After the error removal, land areas mapped with 2 m or better vertical accuracy
were increased from 39% to 58%. Significant improvements were found in flat regions where height
errors larger than topography variability, and landscapes such as river networks and hill-valley
structures became clearly represented. The DEM also shows the continuum of changing water levels
from Óbidos to the northern part of the river mouth and aspects of sedimentation in this continuum
identified by [40].

Sediment flux is an important preliminary component of management and conservation of coastal and deltaic systems because sediments form the foundations for delta
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growth, mitigate natural subsidence, and enable delta sustenance in the face of sea-level
rise. Although the Amazon appears to be a still relatively preserved deltaic system, compared to the Mississippi, pressures are rising as the population within the delta itself
increases, large-scale agriculture and cattle rearing become more widespread, and more
dams built upstream trap sediment [2], [42,43]. Clearly, a fine analysis of sediment cascades
and traps is an essential first consideration in such a large system as that of the Amazon,
where buffers can be operational throughout the river main stem and tributaries [29].
The floodplain on both sides of the main channel is the feature with the greatest
surface area linked to the Amazon tidal river [29], which shows decreasing downstream
seasonal river-level fluctuations from 8–10 m at Óbidos to negligible at the river mouth [44].
These fluctuations are important in controlling overbank deposition in the floodplain and
tidal river and in overall sedimentation in the delta [40,45]. The tidal river corresponding
to the deltaic reach has been divided by [40] into three sectors, each defined in terms of
available sediment accommodation space, with transitions along a continuum from Óbidos
to the river mouth (Figure 2).
The upper tidal river is fluvial-dominated and quite similar in terms of river-floodplain
hydrology and sediment exchanges with the non-tidal reach above Obidos. It is characterized by a small tidal range (tens of centimeters). Around seasonal high level [41], when
the elevation of the river exceeds crevasse and levee heights, its water communicates
with the floodplain. The tidal range increases to 1–2 m in the central tidal river [41] and
sediment accumulation rates commonly exceed 1 cm/year on the floodplain [29]. The
lower tidal river is dominated by floodplains where turbid tidal flows move through dendritic networks of channels, presently exchanging about 2% of the Amazon sediment load
with the floodplain [46] and building vegetated tidal flats composed of fine silt and clay
(5–20 µm, <30% sand, [45]). The Amazon delta accounts for 75% of Brazil’s mangroves [47].
Mangroves cover 38,304 km2 of the delta [48], i.e., about 28% of the world’s mangroves
inventoried by [49]. The tidal flats reach a level limited by high water during spring
tides and seasonal high-river flow [46]. Consequently, although local processes have the
potential for rapid sedimentation, accumulation rates are dependent on sea-level rise and
are approximately 0.3 cm/y [45]. The work of [29] has shown that the upper tidal river
lacks effective processes for supplying enough sediment to fill the floodplain lakes whereas
the lower-tidal-river floodplain has already been filled and only has space to accommodate
new sediment as sea level rises. As a result, the segment of the tidal river most effectively
trapping sediment at present is the central tidal river. Previous estimates showing that
the total amount of sediment accumulation in the Amazon tidal river is approximately
300–400 Mt/year [29] drew the important conclusion that unique processes operating in
floodplains and in tributary mouths along the tidal river create sinks between Óbidos
and the mouths of the river. These sinks significantly reduce the amount of sediment
reaching the ocean. Much of the coastal floodplain is submerged by high water in the rainy
season [50]. A corollary of this situation is that parts of the subaerial delta, notably the
smaller channels and some of the islands at the mouth of the north channel, are undergoing
relatively rapid accretion according to Global Surface Water Explorer data [51], with high
ratios of conversion of water to land, and smaller inverse ratios (Figure 3). The work of [52]
reported a marked increase in very severe floods and increased flooding from an analysis of
records (1968–2015) at Óbidos linked to a strengthening of the Walker circulation resulting
from strong tropical Atlantic warming and tropical Pacific cooling. Given the intricate links
between the three tidal reaches and sediment accommodation space in the continuum from
Óbidos to the river mouth (Figure 2), these severe flooding events must be influencing
sediment supply, probably generating enhanced deposition. However, there is a need for a
better understanding of boundary conditions affecting Amazon sediment dispersal [29].
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Figure 3. Various categories of land-water and water-land conversion in the Amazon River
delta between 1984 and 2015 generated by [51], downloaded from the European Union’s https:
//global-surface-water.appspot.com/download (accessed 15 February 2021) and superimposed on a
Copernicus Sentinel 2 satellite image dated 15 October 2019.

Unlike many of the world’s deltas, the Amazon has not built up a classic river delta
protruding from the present regional coastline (Figure 2). This may be attributed to the
large water discharge and predominantly fine-grained sediment supply of the Amazon [53],
much of the sediment being trapped on the shelf to the benefit of a subaqueous delta [54].
These conditions are further favored by the extremely energetic conditions at the mouth
that are assured by the river’s massive freshwater discharge, energetic tidal currents in a
macrotidal environment, trade winds from the northeast that also generate moderately
energetic surface gravity waves, swell waves from the North Atlantic, and an oceanboundary current. The combination of a large liquid discharge and the predominantly
fine-grained sediment supply of the Amazon have contributed to inhibiting subaerial delta
protrusion, much of the sediment exiting from the mouth being trapped on the inner shelf
to the benefit of the subaqueous delta [54], while some drifts along the mud-bank belt
towards the coasts of the Guianas [53].
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The mouths of the Amazon may be defined as river-tide-wave dominated, reflecting
the full range of energetic processes associated with the high river discharge, large tides,
and ocean waves [53]. Flow reversals can extend upstream for more than 300 km from the
Atlantic Ocean [41] and, during spring tides in some locations, can cause a tidal bore known
as the pororoca [55]. In the river channel, the combination of fluvial and tidal flows creates
high water velocities (>200 cm/s) and strong bottom shear stresses [56] resulting in the
prevalence of coarse sediment in the channel beds that is reworked into giant sand waves
that can reach 10 m in height [21,22]. Sedimentary structures reveal cross-bedded sands in
the channel bottoms and interbedded sands and muds on channel flanks, transitioning to
overbank into the muddy freshwater tidal flats [21].
The largest of the islands at the mouth sensu lato of the Amazon is Marajó, the east side
of which is related to the evolution of Tocantins River [57]. In total, 95% of Amazon’s water
and sediment are presently transported seaward through the north and south channels
(Figure 1a), with about 5% diverted through a network of tidal creeks (known locally as
furos) on the southern side of the Marajó archipelago [58]. In these creeks, the net flow
is indicated by sand waves (4–5 m high) with an asymmetry documenting southward
transport [21]. The large distributary mouth south of Grande do Gurupá island delineates
the southeastern boundary of the Amazon river mouth [21,22].
The Amazon delta is rimmed by a highly diversified muddy, sandy shoreline that is
800 km long on either side of Marajo Island [59]. A number of hydrological and oceanatmosphere interactions converge to generate a drifting of a fraction of Amazon mud
towards the coasts of the Guianas within the world’s largest mud-bank belt [53]: The
strong river water discharge exiting essentially through the north and south channels
north of the Marajo archipelago (Figure 1), the overall directional forcing at the mouths
of the river by the dominant trade winds from the northeast and the gravity waves and
ocean-boundary current these winds generate, and a decreasing tidal range towards the
northwest. This results in a striking difference in shoreline facies between a muddy
western belt that stretches to the Orinoco delta and a sandier, relatively mud-deficient,
sector east of the mouths of the Amazon. The bulk of the Amazon fine-grained sediment
transiting alongshore is, thus, transported northwestwards along the Amapá coast and has
contributed to the formation of a muddy coastal plain that extends along the Guianas coast
(see Section 6). Much of the muddy shoreline in this sector of large tidal range (up to 8 m
at spring tides) is presently erosional with localized sandy deposits that form cheniers in
places. A smaller amount of mud is advected southeastward along the Pará coast southeast
of Marajo Island. This part of the delta coast is sandier, macrotidal (>4 m at spring tides),
and exhibits a series of discontinuous wave-built barriers [60] separated by tide-dominated
estuarine embayments characterized by mudflats and mangroves [61–64].
The Amazon delta is thus associated with a variety of river, tidal, and coastal landforms characterized by marked spatial and seasonal variability in topography and bathymetry
that also change at rapid rates. This variability imparts a high degree of biodiversity, but
also implies seasonal constraints associated with flooding. The size of the delta and this
variability also have implications for accurate and updatable mapping of the intricate elevation and bathymetry that condition the emplacement and extent of human settlements,
land and water use in the delta, and socio-ecological gradients.
4. Gauging Pressures That Are Building Up on the Amazon Delta
Pressures on river deltas may be synthesized in terms of five criteria: (1) Water and
sediment supply from the river basin; (2) natural hazards; (3) direct pressures from land-use
and urbanization; (4) the effects of climate change and sea-level rise; and (5) the effects of
governance and policy, which are discussed in Section 5.2.
4.1. Pressures on the Amazon River Basin That Are Filtering Down to the Delta
River basin changes are essentially associated with land-use changes and basin management and engineering, both of which can directly be translated in terms of pressures
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on deltas through the impacts they have on water and sediment supply. These changes
can engender vulnerability of the biophysical and socio-ecological functions of deltas, and
impair resilience in the face of natural and anthropogenic pressures.
As noted by [29], appreciable impacts of human activities in the Amazon are fairly
recent, dating back only five decades, and not centuries or millennia ago, as with other large
river systems (such as the Nile, Indus, Mississippi, and Yangtze). However, development
pressures in Brazil are leading to a rapid exacerbation of the effects of these activities, with
indirect and direct impacts on the Amazon delta.
From the early 1990s to the early 2010s, particularly following the Rio-92 United Nations (UN) Conferences on Sustainable Development, Brazil emerged as an environmental
leader with a prominent international role. Brazil earned praises for implementing a bundle
of socio-environmental policies, including the expansion of its network of protected (PA)
and Indigenous areas [65]. The Action Plan for the Prevention and Control of Deforestation
in the Legal Amazon (PPCDAm), launched in 2004, promoted sweeping reforms in environmental governance and monitoring, which led to a reduction of 80% in deforestation by
2012 [66]. This tendency was further boosted by economic factors that led to a slow-down
in deforestation, such as commodity prices and currency exchange rates that affected the
profitability of agricultural exports [67]. This period of goodwill saw the expansion of
Brazil’s PA system to nearly 2.2 Mkm2 or 12.4% of the global total (DPPA). Among these
were 0.498 Mkm2 of undesignated public forests (UPF) not allocated by the federal or state
governments to a specific tenure status [68]. PAs are aimed at safeguarding species-rich
biomes on Earth and important ecosystem services. However, between 2008 and 2014,
Brazil lost 12,400 km2 of these PAs due to degazetting and 31,700 km2 due to downsizing [65]. Since 2012, deforestation has trended upward despite control efforts, such as
improved satellite—based monitoring, “blacklisted” municipalities, expansion of protected
areas, land tenure regularization, credit access restrictions, moratoria, but also a variety of
other activities [67]. Deforestation has increased particularly since 2018, coinciding with
the dismantling of legal instruments and environmental governance infrastructure more
broadly [69]. Like Indigenous areas [70], UPFs have been vulnerable to land grabbers and
land speculation, and have been particularly prone to illegal deforestation 0.26 Mkm2 by
2018, resulting in an emission of 1.2 billion tons of CO2 [68].
The effects of pressures of deforestation under unplanned agricultural expansion,
accelerated by fires, have no doubt increased the potential for soil erosion that enhances
fluvial sediment loads, but counter pressures on the availability of sediment loads to the
Amazon delta are being exerted as a result of hydropower development and exploitation
of mineral resources. Mining grew from 1.6% of gross domestic product in 2000 to 4.1%
in 2011 with production expected to further increase by a factor of 3 to 5 by 2030, while
much of the country’s hydropower potential remains untapped [71]. Few dams existed in
the basin but more than a hundred hydropower dams have already been built there and
there are numerous plans and project proposals for further constructions [71,72]. Dams
have triggered a 20% drop in the suspended load of the Madeira River tributary [71].
Thus far, it is not clear to which extent the sediment discharge in transit downstream to
the delta is being negatively impacted, probably because the effects of the still limited
number of dams are balanced by rapid deforestation and sediment release through soil
erosion. These variations could explain the fluctuations in sediment load at Óbidos noted
by [28]. Anecdotal reports from communities along the river have pointed to accelerated
sedimentation, especially in tidal creeks, over the last two decades but there are no real
data to corroborate this. Presumably, the large floodplains of the Amazon and the immense
delta can absorb these fluctuations through modulation of rates of sedimentation, which
are currently relatively high, as outlined above.
4.2. Natural Hazards in the Amazon Delta
The Amazon delta cannot be considered as being particularly exposed to natural
hazards, but a large share of its population lives under a high-degree of vulnerability to
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flooding [73,74]. This situation reflects both an equatorial setting that puts the delta off
the trajectory of tropical storms and cyclones, and a mild (but probably not negligible)
tectonic context. The authors of [75] have documented an 1885 earthquake that attained
a strong reported intensity of up to VI–VII in the modified Mercalli intensity (MMI) felt
in French Guiana, and that caused slight damage. According to the authors, recently
discovered newspaper records show that this event was also felt as far as Georgetown
(British Guyana), and in the Amazon basin and delta up to Manaus. The distribution of
intensities and the radius of the felt area indicate a magnitude around Mw 6.9, which
makes it the largest known earthquake in the stable continental region of South America
since the 19th century. Seismic hazards must therefore not be neglected in the low-lying
Amazon delta, especially with regards to potential tsunami generation. The recognition of
this large 1885 earthquake will likely necessitate future reevaluations of seismic hazards
in mid-plate South America [75], including the Amazon delta, with the potential risk of
a tsunami. More distant tsunami originating from the Canary Islands and propagating
westwards in the Atlantic Ocean [76] could also attain the Amazon delta and could be
potentially subject to amplification over the low inner shelf.
The work of [73] has stressed the need for integrated multi-hazard approaches based
on a social-ecological systems perspective, a theme further developed in Section 5.2. The
importance of this perspective in the functional dynamics of deltas has been demonstrated
by [2,74] with particular reference to the Amazon delta. Using a social-ecological systems
perspective, the work of [73] applied a library-based approach to the assessment of multihazard risks to which are exposed social-ecological systems across and within coastal deltas
globally, and applied it to the Amazon, Ganges-Brahmaputra-Meghna (GBM), and Mekong
deltas. Their results, not unexpectedly, show that multi-hazard risk is highest in the
populous GBM delta (0.21 in a range from 0 to 1) and lowest in the low-population Amazon
delta (0.09 in a range from 0 to 1), where primarily the southeastern municipalities are
affected by both flooding and droughts [77]. The equatorial setting ensures low variability
in precipitation in much of the humid Amazon delta. The analysis conducted by [73]
revealed major differences between social and environmental vulnerability across the three
deltas, but notably more so in the cyclone-exposed Mekong and the GBM deltas where
environmental vulnerability is significantly higher than social vulnerability.
4.3. Increasing Pressures of Land-Water Use Changes and Urbanization within the Delta
The authors of [78] have shown, among other studies, that a considerable segment
of the population living in the tidal part of the delta region is directly dependent on
intensively managed agroforestry systems and different types of extractive activities of
natural resources for their livelihood [79,80]. However, recent and increasing pressure on
ecosystem services in the Amazon delta is considerably exacerbated by a combination of
factors related to the environment, climate, economy, and socio-demography. The work
of [78] used a combination of remote sensing data, ecosystem service literature, and official
Brazilian government statistics to produce spatially-explicit relationships linking the green
vegetation cover to the availability of ecosystems provided by forests in the delta region.
Their results show that continuous changes in land use/cover and in the economic context
contributed significantly to changes in key ecosystem services such as carbon sequestration,
climate regulation, and the availability of timber over the last 30 years. Agricultural
expansion, urbanization, selective logging, forest fires, and inundation of large areas for
river dam construction have been leading to municipalities and regions continuously losing
forest [78], echoing the trend throughout the Amazon River basin. These changes include
tree plantations that are massively expanding in the delta state of Amapá, where both the
savanna-scrub vegetation and swamp forests are being rapidly destroyed by plantation
development, notably devoted to soya. In total, 66% of the cattle (water buffaloes) herds of
Brazil are found in the Amazon tide-influenced delta plain [81], a substantial rise relative
to the herds reported by [82]. These herds are deemed responsible for soil degradation,
channel erosion, and enhanced turbidity [55]. The work of [2] showed that although
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the Amazon delta is considered among the most preserved and resilient, its long-term
sustainability is increasingly impacted by urban growth, infrastructure development,
increasing demand for the large range of resources, industrial, plastic, and urban sewage
pollution because of the lack of basic sanitation and sewage and recycling facilities, and
large-scale agriculture in floodplain zones [83]. These factors are generating pressures on
local ecosystems and livelihoods.
Inroads into the mangroves of the Amazon delta and the numerous socio-ecological
services they represent are still to be clearly determined. Deforestation related to urbanization and other activities such as shrimp farming is probably balanced by the creation of
new land resulting from active deltaic sedimentation (Figure 3). The work of [84] evaluated
the role of marine aquaculture along the Amazon delta coast using remote sensing and geographic information system techniques and showed that these farms by then (2015) covered
an area of ~0.8 km2 (approximately 0.4% of Brazilian ponds), of which 29.4% are located
within areas of mangroves, associated with the conversion of 0.53 km2 of the mangroves
into rearing ponds, which represents only 0.007% of the total area of Amazon mangroves.
4.4. Climate Change and Sea-Level Rise
The pressures evoked in the preceding section can only be aggravated by sea-level rise
and climate change. This may occur notably through a decreasing sediment supply that
could lag behind marine accommodation space created by sea-level rise. In their analysis
of projected changes in fluvial sediment flux received by 47 major deltas over the 21st
century based on 12 scenarios constructed using four climate pathways (Representative
Concentration Pathways 2.6, 4.5, 6.0, and 8.5), three socioeconomic pathways (Shared
Socioeconomic Pathways 1, 2, and 3), and one reservoir construction timeline, the authors
of [85] projected that the Amazon delta will receive a fluvial sediment load that will
decline by 23% by 2070–2099 relative to 1990–2019 values. The authors projected that this
decline will be caused by land use changes and dam construction, notwithstanding a +4
to +7% increase in sediment discharge resulting from the effects of future climate change.
Although the Amazon, like 39 of the 47 deltas analyzed by [85], will undergo an increase
in sediment flux across all four of the climate change pathways, with projected increases
in temperature and precipitation over the 21st century being the primary factor for the
climate-driven increases in sediment delivery globally, sediment sequestration by dam
construction projects will significantly overwhelm this increase.
The current trend of sea-level rise in Brazil is rather poorly monitored due to a dearth
of tidal gauges, further compounded by long data gaps and a high level of noise in the
monthly average series, mainly due to meteorological effects [86]. In the case of much of the
delta, connecting the tidal gauges to the national network has been rather complicated [86],
although this is an issue that the Brazilian Institute of Geography and Statistics (IBGE—
Instituto Brasileiro de Geografia e Estatistica) and various Brazilian research institutions
are trying to solve. In terms of Global Mean Sea Level from satellite altimetry missions,
there is a trend of 3.4 mm/year (but with marked regional differences ranging between
−10 and 10 mm/year), with the Amazon river mouth being among the coasts of Brazil
showing the highest positive swings (data from CNES/LEGOS/CLS: https://www.aviso.
altimetry.fr/en/data/products/ocean-indicators-products/mean-sea-level.html, accessed
on 15 April 2021).
The expected sea-level rise in the Amazon delta (Figure 4) will increase the exposure
of ecosystems, notably mangroves, and settlements to prolonged flooding in the future [8],
and risks from diseases and the proliferation of mosquitoes. Sea-level rise will also affect
freshwater supply by exacerbating saltwater intrusion. However, these are themes that
need to be properly investigated.
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Figure 4. Sea-level rise projections by 2100 for two scenarios with mild (3 m) and extreme (5 m)
rises. Downloaded on 16 March 2021 from Earth Org (https://earth.org/data_visualization/
sea-level-rise-by-2100-amazon-river-delta/2021, accessed on 15 February 2021 ). Map based on
sea-level rise scenarios forecast by Climate Central—Coastal Risk Screening Tool (https://coastal.
climatecentral.org/map/3/85.7984/25.273/?theme=sea_level_rise&map_type=year&basemap=
roadmap&contiguous=true&elevation_model=best_available&forecast_year=2050&pathway=rcp4
5&percentile=p50&refresh=true&return_level=return_level_1&slr_model=kopp_2014, accessed on
15 February 2021).

5. Which Management and Conservation Framework Suits the Amazon?
5.1. A Preserved Delta? Or Are Alarm Bells Ringing?
As briefly indicated in the introduction, presently available observations indicate that
the Amazon delta is not in a state of biophysical vulnerability unlike many other large deltas
in the world, whether on the basis of subsidence [9], shoreline fluctuations [10], or changes
in land or water area (Figure 3). This relatively preserved state is favored by a number
of conditions and state of the basin that have been summarized by [29]: The enormous
discharge, equatorial location, and relatively small population of the Amazon basin have
significantly minimized and delayed human impacts from channel dredging, artificial
levees, water diversion, and subsurface fluid extraction that have been responsible for the
increasing vulnerability of many deltas, chief among which is the Mississippi [87,88]. In
spite of the increasing number of dams being constructed in the Amazon basin, the impacts
are still moderated by the enormous size of the basin. Eight of the ten longest free-flowing
rivers in South America are located within the Amazon Basin, thus highlighting a relatively
low level of river fragmentation [4]. However, if currently planned dams are built without
considering the balance between energy production and environmental conservation, their
potential impact in the Amazon basin will be to trigger massive cumulative negative
environmental effects that will generate hydrological, geomorphic, and biotic disturbances
on the river’s floodplains, its deltaic system and the sediment discharge it receives [71,72].
The work of [71] warned that the cumulative effects of these dams can be highlighted with
recourse to a Dam Environmental Vulnerability Index (DEVI) that is already significant in
some tributaries.
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5.2. A Management and Conservation Agenda Based on Social-Ecological Dynamics and the
Challenges It Poses
River deltas pose specific challenges to environmental governance and sustainability
because the high degree of physical and ecological functional interdependencies shape
a wide range of social-ecological dynamics (Figure 5) arising from delta locations at the
nexuses of watersheds, land, coastal areas, oceans, and human settlements [2]. Ecosystems are identified as both an important element at risk as well as an entry point for
risk reduction and adaptation strategies [73]. These challenges, functional interdependencies between a delta and processes happening in distant regions (e.g., sediment flow,
pollution flow, fish migration patterns), and socioecological dynamics (e.g., intersection
of unplanned urbanization, social inequality, and flooding patterns), are important considerations in delta management and conservation strategies. This implies considering
the fine intermeshing of the socio-economic systems, governance systems, ecosystemsresource systems, topographic-hydrological systems, and oceanic-climate systems. These
interacting socio-ecological systems (SES) should be an integral part of the strategy for
the analysis of collective action, management, and conservation from sub-delta/local to
delta to basin levels [2]. A major challenge is that of bringing together these contrasting
demands. Figure 6 illustrates an example of delta functional interdependencies using the
example of fisheries by coastal communities affected by pollution sources and large-scale
fisheries from upstream; this is a problem particularly pertinent in an Amazon delta where
communities are increasingly subject to impacts of pollution from unplanned urban growth
that are having a severe effect on the ecology of the delta and on fish resources as well as on
the quality of water consumed locally (Figure 6), the work of [2] shows that water quality
and fisheries sustainability in one part of the region are affected by pressures created far
upstream; however, discussions around the problems have not involved collaborations
between fishers, city planners, and other stakeholders in different parts of the region. While
fishers can develop local rules and agreements to address declining fisheries at the local
level, these rules are not sufficient in dealing with distant pressures, such as changing
fishing technologies, sewage and plastic pollution, industrial and mining toxic waste spills,
among others. A social-ecological framework should, thus, help to characterize the complexity of the situation while considering social, physical, and ecological causal factors
and impact-chains operating at different scales and time-lags, and their outcomes and
consequences at different levels.
Development policies and the management of the basin as a whole, such as implying
the construction of dams and deforestation, and delta management and conservation,
are intertwined, embedded in overarching decision processes that shape its governance.
The authors of [65] documented the erosion of Brazilian leadership, exemplary in the
1990s to 2010, in environmental matters, and it is clear that these have now attained
unprecedented levels with the dismantling of environmental legislation and programs,
the increase in forest fires and land degradation in 2019 and 2020 [69]. Syntheses of the
world’s transboundary river basins with estimated rank indices for risks arising from legal
framework, hydro-political tensions, and the capacity for water governance at a national
level have shown that the Amazon basin is in the top two categories of governance risk
and faces significant issues in basin management [89,90]. These insufficiencies may be
expected to permeate in governance and policy on the management and conservation of
the Amazon delta. These pressures will be further exacerbated by rapid demographic
growth, unplanned urbanization, and infrastructure development. There is, however, some
room for hope, as there are rumblings of several citizen and academic movements towards
confronting these pressures. Past valiant efforts at deforestation also suggest that there
could be opportunities for an alternative model that can see the Amazon re-emerge as a
global reservoir of biological assets for the creation of high-value products and ecosystem
services [91].
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Figure 5. The Amazon delta as a coupled social-ecological system (SES): Boundaries and interconnections/telecoupling dimensions. From [2] with permission from Springer.

Figure 6. Illustrative application of the framework to map out the impact of urban growth and pollution on small-scale
fisheries in riparian areas and mangroves of the Amazon delta. From [2] with permission from Springer.
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6. Alongshore Repercussions of the Amazon on the Management and Conservation of
the Guianas Coast
The northwestward alongshore diversion of fluvial water and mud exiting from the
mouths of the Amazon by large-scale regional wind, wave, and current forcing has generated a unique mud-dominated Holocene progradational system stretching alongshore
for 1500 km, between the Amazon and the Orinoco delta in Venezuela (Figure 7), the westward limit of this muddy coastal system [33,53]. This coast is also the longest contiguous
mangrove coast in the world. The economies of the Guiana countries (Figure 1)—French
Guiana (a French overseas department), Suriname, Guyana, and eastern Venezuela—are
all strongly influenced by the mud-belt associated with the Amazon sediment discharge.
More than 90% of the populations of all three countries (French Guiana: 291,000 inhabitants in 2020; Suriname: 576,000 inhabitants in 2018; and Guyana: 780,000 inhabitants
in 2018) lives in the coastal zone, distributed mainly on old beach ridges (cheniers) more
or less close to the present shoreline. Population growth pressures are high in all three
territories. French Guiana is currently experiencing exponential demographic growth,
and a doubling of its population is expected by about 2040 (+2.72%/year). These coastal
population concentrations are associated with a number of activities that are vital to the
economies of the three territories. In French Guiana, this is notably the case of the ports of
Cayenne and Kourou (Figure 7), the former being the main commercial port of the territory,
and the latter handling materials for the satellite launching pad of the European Space
Agency. In both Suriname and Guyana, the ports of commerce and industry of Paramaribo
and Georgetown are important economic lifelines for these two countries. The development stakes require various management and logistical ventures and the construction of
communication infrastructure notably along the coast. Demographic pressures, combined
with industrial projects, and in an era of climate change and sea-level rise, underscore, in
the three territories, stakes related to coastal crisis and risk management (chronic coastal
erosion in places, floods, harbor silting, and subsidence of the muddy coastal plain as in
Paramaribo), and to sanitary and health hazards (sediments and ecosystems polluted by
mercury, pollutant discharge, and oil spills).

Figure 7. Copernicus Sentinel 2 satellite image (29 October 2019) showing a mud bank in transit
along the coast of central French Guiana between the cities of Cayenne (capital of French Guiana)
and Kourou (satellite launching pad of the European Union). This is part of a belt of up to 20 mud
banks migrating at any time along the Guianas coast just north of the mouths of the Amazon to the
mouths of the Orinoco River delta in Venezuela.
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As an example of the high-degree of functional interdependency of this coastal region,
these problems are all strongly mediated by the alongshore-diverted part of the Amazon
water and sediment plume. Amazon mud determines shoreline dynamics through the
spacing and alongshore migration of large banks (Figure 7). Banks dissipate waves, partially weld onshore [92] and are colonized by mangroves, whereas waves in inter-bank
areas cause shoreline erosion and mangrove destruction [93–96] that are mitigated where
rare sandy deposits, notably develop as cheniers [97]. Mangroves are important in fixing on
the coast mud derived from the alongshore-migrating banks and have thus played an overarching role in long-term muddy coastal progradation [98]. Along this coast, mangroves,
as elsewhere, also provide a whole spate of ecosystem services, notably for fisheries and
natural shrimp production. Beaches and cheniers assure coastal protection and recreational
and ecosystem services, notably providing nesting sites for marine turtles. In addition
to spatially and temporally variable shoreline erosion (inter-bank) and accretion phases
(bank), Amazon mud determines the morphology and estuarine dynamics of the numerous
smaller Guiana Shield river mouths between the Amazon and the Orinoco [99–101]. The
migrating mud banks tend to cause a westward deflection of the mouths of the small rivers
through more or less prominent capes built from Amazon mud, whereas the larger rivers
are characterized by open estuaries but are also significantly influenced by mud intrusion
during the dry season when river discharge is low [100]. These aspects imply significant
management problems for ports subject to abundant silting [101–103].
Although the Amazon mud plume along the Guianas coast generates an overarching
regional muddy coastal system characterized by important mangrove development, there
are well-expressed divergences in aspects of coastal management and conservation among
the three territories. Along the 350-km-long French Guiana coast, the 52,000 hectares of
mangroves have been largely preserved, protected by European environmental directives,
although there is an area of chronic erosion of about 20 km of coast with abandoned rice
farms where mangrove removal for rice cultivation occurred two decades ago [104]. At
the other extreme, mangroves have been very largely removed along the 460-km-long
Guyana coast to make way for dikes and other infrastructure protecting agricultural
activities and demographic and urban growth [105] for over a century, leaving a subsisting
area of only about 20,000 hectares. Dikes built to protect farms, roads, and cities such
as Georgetown the capital, and numerous smaller coastal towns and villages, are very
costly in terms of maintenance, and their budget is a heavy burden to the economy,
although the recent discovery of important oil reserves off Guyana is a source of economic
respite. Under the overarching control of the National Agricultural Research and Extension
Institute, in charge of promoting sustainable agriculture, Guyana has undertaken a serious
program of mangrove rehabilitation through a National Mangrove Management Action
Plan implemented by the Guyana Mangrove Restoration Project initiated in 2010 with help
from funds from the European Union. This action plan involves an important mangrove
replanting program in front of the dikes, with rather mixed results related to the lack of
data on the physical and ecological conditions most favorable to mangrove rehabilitation.
Dikes tend to promote wave reflection that leads to poor mud sedimentation and mudbank welding (Figure 8). Without such substrate accretion, young mangroves cannot be
viable [93,94], [104–107]. Such efforts are, nevertheless, important, inasmuch as they are
part of a positive dynamic illustrating a true commitment of the government of Guyana to
re-establish their mangroves [108].
Between the two opposite options of coastal and mangrove management and conservation in French Guiana and Guyana, the 385-km-long coast of Suriname is increasingly
subject to pressures from coastal development that are being largely detrimental to its
90,000 hectares of mangroves. The past errors of neighboring Guyana regarding mangrove
conservation are hardly being learnt in Suriname, or are deliberately being ignored under
urban development pressures, especially around Paramaribo, where land developers are
generating large-scale mangrove removal [109] that now accompanies previous important mangrove losses to the advantage of a thriving rice farming economy in the west of
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the country. This illustrates the antinomy of economic development and environmental
conservation, given the pre-eminent role of Suriname as an international rice producer.
The general impression in Suriname is that there is no coordinated or concerted effort at
coastal management and conservation [109]. Mangroves are even considered in certain
estate speculation circles in Paramaribo as belonging to an insalubrious and hostile environment, a thesis aimed at promoting a distorted mercantilist vision that also considers
that dikes (a lucrative source of income for engineering firms) will be efficient in protecting
developing urban areas in Paramaribo from sea-level rise and coastal erosion [109]. This
is a shame given the difficult experience in neighboring Guyana with dikes (Figure 8).
There are, nevertheless, numerous studies and grey-literature reports in Suriname that
have recommended more sensible coastal management and conservation [97], [109,110],
and even rehabilitation, of mangroves through replanting, and there are initiatives to this
end underway, led by the national Anton de Kom University and NGOs, especially WWF,
including a mangrove school (Figure 9). Important mangrove replanting initiatives are
currently being carried out in the west of the country and in Paramaribo.

Figure 8. Photographs of damaged and ineffective concrete dykes in Guyana in May, 2012 (a), and
Suriname in October 2015 (b,c). The Guyana dyke is fronted by a deepened, concave foreshore erosion
profile caused by wave reflection and offshore dispersal of mud. The poorly designed Suriname
dykes were built just two years before the photo was taken at Weg Naar Zee, near Paramaribo, and
were not subsequently maintained.

On this muddy Guianas coast, sand is an important economic and ecological asset
because the relatively rare sandy deposits provide locations for human settlements and
routes [53,97]. Coherent sand bodies occur as short and discontinuous cheniers (from tens
to a few hundreds of meters long) formed in eroding inter-bank areas from nearby sand
supplies, more permanent and larger cheniers in the vicinity of the mouths of the major
sand-bearing Guiana Shield rivers, and rare, bedrock-bound embayed beaches in French
Guiana [97,111–113]. The rare perennial sandy beaches on this part of the South American
coast provide recreation outlets for the coastal populations and are especially fundamental
to the ecology of protected marine turtles, Lepidochelys olivacea, Chelonia mydas, Eretmochelys
imbricata, and Dermochelys coriacea. The presence of mud significantly alters the behavioral
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patterns of these beaches by modulating the influence of seasonal changes in trade-wind
wave energy. The main effect of these changes is beach rotation, which is the periodic
lateral movement of sand towards alternating ends of an embayed beach during inter-bank
and transitional phases, generating dramatic beach retreat or advance of up to 100 m in two
to three years. There is presently no certainty regarding the duration of a cycle of beach
rotation. A cycle lasts several years, certainly exceeding a decade. Rotation does not affect
the medium-term (order of tens of years) beach sand budgets but may involve exposure of
beachfront infrastructure to erosion. There is a need throughout the Guianas to restrain
extraction of sand from beaches and seafront cheniers, as this would have negative impacts
on shoreline stability and beach ecological and recreational advantages [97].

Figure 9. (a) Mangrove nursery and replanted plot (b) in Paramaribo, at the initiative of Professor
Sieuwnath Naipal, Anton de Kom University, Paramaribo, Suriname, and (c) a mangrove school in
Coronie, Suriname.

7. Conclusions
The relatively preserved character of the Amazon River delta is attested by current
levels of land/water changes that point out to ongoing significant accretion, including the
silting up of tidal channels and creeks. This situation is also reflected in the still largely freeflowing nature of many of the rivers and the main stem of the Amazon that feed the delta
in sediment. However, these relatively reassuring conditions are progressively being called
into question by the rapid growth of dam constructions upstream of the delta, as well as by
increasing demographic, land development, and urban pressures within the delta. Rapid
urban development in the delta is leading to the emergence of zones of environmental
stress, straining the resilience of the delta. These conditions will be compounded in the
future by decreasing sediment supply and by the impacts of sea-level rise and saltwater
intrusion on habitable lands and freshwater availability.
Brazil was exemplary between 1990 and 2010 as a world leader in environmental
awareness and protection, but this position has been inexorably eroded in the last decade
by the rapid demands set by demographic growth and economic development and poor
governance. Conservation and management of the Amazon River delta aimed at keeping
this delta resilient to sea-level rise and in a context of reduction of sediment supply will
require a firmer governance stand as well as better planning and social-ecological integration, and anticipation of future changes. Accurate and updatable mapping, notably from
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rapidly improving remote sensing capabilities, of the intricate elevation and bathymetry
of the delta, as well as the extent and evolution of human settlements and socioecological
gradients, should also be a priority.
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