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Abstract
Deltas are resource rich, low-lying areaswhere vulnerability toflooding is exacerbated bynatural and
anthropogenically induced subsidence and geocentric sea-level rise, threatening the large populations
often found in these settings.Delta ‘drowning’ is potentially offset by depositionof sediment on thedelta
surface,making the delivery offluvial sediment to the delta a key balancing control in offsetting relative
sea-level rise, provided that sediment canbe dispersed across the subaerial delta.Herewe analyse
projected changes influvial sedimentfluxover the 21st century to 47 of theworld’smajor deltas under
12 environmental change scenarios. The 12 scenarioswere constructedusing four climate pathways
(RepresentativeConcentrationPathways 2.6, 4.5, 6.0 and 8.5), three socioeconomicpathways (Shared
SocioeconomicPathways 1, 2 and 3), and one reservoir construction timeline. Amajority (33/47) of the
investigateddeltas are projected to experience reductions in sedimentflux by the end of the century,
when considering the average of the scenarios,withmean andmaximumdeclines of 38%and83%,
respectively, between1990–2019 and2070–2099.These declines are drivenby the effects of
anthropogenic activities (changing landmanagement practices anddamconstruction)overwhelming
the effects of future climate change.The results frame the extent andmagnitude of future sustainability
ofmajor global deltas. Theyhighlight the consequences of direct (e.g. damming) and indirect (e.g.
climate change) alteration offluvial sedimentfluxdynamics and stress theneed for further in-depth
analysis for individual deltas to aid in developing appropriatemanagementmeasures.

1. Introduction

The world’s deltas account for less than 0.5% of global
land area but are home to over 5% of the global
population with their fertile soils supporting intensive
agriculture and important expanding cities, such that
their social and economic importance extends well
beyond their immediate locales (Woodroffe et al 2006,
Syvitski et al 2009, Evans 2012). Deltas’ low-lying land
means that the inhabitants are highly exposed to the
threat of rising relative sea level (Ericson et al 2006,
Syvitski 2008, Ibáñez et al 2014). Associated problems,

such as water and soil salinization and land loss, also
threaten agricultural productivity and livelihoods,
presenting a challenge to future food security (Smajgl
et al 2015). For these reasons there is a growing
concern that accelerated rates of relative sea-level rise
(Syvitski et al 2009, Tessler et al 2018) are presenting
the world’s deltas with a sustainability crisis (Anthony
et al 2015, Tessler et al 2015, Day et al 2016, Tessler et al
2016, Kondolf et al 2018). Although deltas naturally
sink relative to sea level as a result of, for instance,
sediment compaction and tectonics, anthropogenic
activities such as groundwater abstraction often
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induce accelerated subsidence (Chen et al 2012, Erban
et al 2014, Brown and Nicholls 2015, Fujihara et al
2015, Higgins 2016, Jones et al 2016, Minderhoud et al
2017). This accelerated subsidence can be com-
pounded by geocentric sea-level rise in response to
climate warming (FitzGerald et al 2008, Cazenave and
Remy 2011). Indeed, many delta areas are now
experiencing rates of relative sea-level rise in excess of
10 mm/a when considering geocentric sea-level rise
(Chen et al 2014) in combination with land elevation
change, where the latter is comprised of subsidence,
crustalmovement, and accretion (Syvitski et al 2009).

The only process that can potentially offset rising
relative sea level is sediment accretion. In this paper we
assume that delta surface accretion rates are primarily
driven by the rate of fluvial sediment delivery from the
feeder catchment upstream and the capacity of the
delta to retain that sediment (Giosan et al 2014,
Syvitski et al 2005a, Syvitski and Kettner 2011, Ibáñez
et al 2014). Fluvial sediment delivery is therefore a vital
precondition for aggradation, so we focus here on pro-
jecting sediment flux at the delta apex as an important,
but not exclusive, control on delta aggradation, as
aggradation can only occur if the available sediment is
deposited within the delta area. Prior studies have
highlighted how fluvial sediment delivery is a critical
factor in offsetting relative sea-level rise (Syvitski et al
2009, Evans 2012, van Asselen et al 2017), but these
previous studies have focused either on contemporary
(Evans 2012, Tessler et al 2015) or past (Syvitski et al
2005b, Milliman and Meade 1983, Milliman and
Syvitski 1992, Guillén and Palanques 1997, Darby et al
2016) changes in sediment flux. Few studies have pro-
jected future changes in fluvial sediment flux, and
those that have were limited to a few rivers (Dunn et al
2018) while addressing a single driver of change, such
as dam construction (Tessler et al 2018) or climate
change (Darby et al 2015, Praskievicz 2016). There-
fore, to our knowledge, no prior study has offered a
large-scale perspective of projected changes to the
world’s major deltas under multiple drivers of envir-
onmental change.

Of the drivers of environmental change included
here, the influence of reservoir construction on fluvial
sediment fluxes has been a notable focus of some prior
studies. It has been estimated that reservoirs trap
20%–30% of recent global fluvial sediment fluxes,
with large increases in the rate of sediment trapping in
the second half of the 20th century (Syvitski et al
2005b, Vörösmarty et al 2003). Considering this past
trajectory, alongside projections of increased large
dam construction in the future, it is reasonable to
assume that reservoirs will continue to play a key role
in determining sediment delivery at the global scale.
Global scale analyses provide high level insights into
the range of drivers and the extent to which they con-
trol future trends in sediment delivery to major deltas.
Use of global-scale projection tools (numerical mod-
els) and input data, while having a higher degree of

uncertainty relative to delta-specific analysis, offer
uniformity in the analysis, facilitating both compar-
ison between deltas and ‘global’ analysis including
ranking. Such modelling tools are necessary to ensure
consistency across the variable climate, socio-
economic, and especially sediment data in most parts
of theworld.

2.Methods

Here the spatially explicit hydrogeomorphic model,
WBMsed (Cohen et al 2013, 2014), is used to project
fluvial sediment delivery to 47 of the world’s major
deltas (supplementary table 2 is available online at
stacks.iop.org/ERL/14/084034/mmedia, figure 1)
under 12 environmental change scenarios represent-
ing the effects of future climate change, socioeconomic
development, and dam construction to the end of the
21st century. The 47 deltas were selected from the
world’s larger deltas to represent a wide range of
climates, ecosystems, geomorphologies, population
densities, and economic capacities (Tessler et al 2015,
supplementary table 2). The set of 47 deltas is intended
to be analysed as a whole, including asking why
different patterns occur, and what are the exceptions.
Individual deltas are only named as exemplars to
highlight the trends found in the ensemble. The
WBMsed model was validated by comparison of
simulated versus observed mean annual water and
sediment flux data over the period 1990 to 1999 (see
section 2.1.1). The 12 environmental change scenarios
employed herein were constructed based on combina-
tions of four climate pathways (Jones et al 2011)
(Representative Concentration Pathways (RCP) 2.6,
4.5, 6.0, and 8.5), three population and GDP pathways
(Murakami and Yamagata 2016, Shared Socioeco-
nomic Pathways (SSP) 1, 2, and 3), and one projection
of future global trends in large dam construction
(Lehner et al 2011a, 2011b, Zarfl et al 2015).

2.1.Hydrogeomorphicmodel
The spatially and temporally explicit hydrogeo-
morphicmodelWBMsed (Cohen et al 2013, 2014)was
employed to project fluvial sediment fluxes to the 47
selected deltas. Specifically, we employ an updated
version (WBMsed v.2.0) which has previously been
employed on a global scale (Cohen et al 2014), and
which better predicts sediment fluxes during high
discharge events, demonstrating its suitability for use
in this study. WBMsed computes river discharges by
solving a water balance that accounts for precipitation,
modulated by soil moisture, evapotranspiration, irri-
gation, floodplain, reservoir, and groundwater sto-
rage. The river discharge is then used, along with data
on reservoirs, basin area, relief, temperature, glaciers,
lithology, population, and gross national product
(GNP) per capita to calculate sediment fluxes using the
BQART sediment delivery model (Syvitski and
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Milliman 2007):

Q BQ A RT Twhen 2 C, 1S B
0.31 0.5 w=  ( )

Q BQ A R T2 when 2 C, 2S B
0.31 0.5w= <  ( )

where QS is the flux of suspended sediment (kg s–1), B
is a catchment factor, expanded later, AB is the
drainage basin area (km2), R is the basin maximum
relief (m),T is the spatially averaged basin temperature
(°C), Q is the flow discharge (m3 s–1), and ω is a
proportionality coefficient (0.02 for kg s–1 or 0.0006
for Mt per year). The catchment factor, B, is estimated
using:

B T GLE1 , 3E H= -( ) ( )

where TE is the trapping efficiency of natural and
anthropogenic reservoirs (calculated using Brown (1944)
for small (<0.5 km3) reservoirs and Brune (1953) and
Vörösmarty et al (2003) for larger (�0.5 km3) water
bodies),G is a glacial erosion factor, L is a lithology factor
(Dürr et al 2005, Syvitski and Saito 2007), and EH is an
anthropogenic soil erosion factor. The glacial erosion
parameter,G, is defined as:

G A1 0.09 , 4G= + ( )

where AG is the glaciated area of the basin expressed as
a percentage of the total catchment area (from
Peltier 2004) and employed as a constant input in the
model runs.

The soil erosion factor (EH) values were estimated
using look-up tables based on population density and
GNP data (table 1). The look-up tables (developed by
Syvitski and Milliman 2007) describe how changes in
anthropogenic activities, particularly catchment man-
agement practices such as land use change and channel
engineering, affect sediment flux. In summary these
relationships assume: (1) low density populations have
no influence on sediment delivery; (2) poorer high
density populations increase sediment delivery due to
erosion-enhancing land management techniques; (3)
richer high density populations employ erosion control-
ling land management practices and channel engineer-
ing, reducing sediment delivery. The basin-lumped

Figure 1.Projected percentage change in simulatedmean annual fluvial sediment flux between 1990–2019 and 2070–2099 for 47
major deltas. The green (increase in sedimentflux) and blue (decrease in sediment flux) circles are scaled to represent themean annual
sediment flux change across all 12model scenarios, with the outer (maximum sediment flux) and inner rings (minimum sediment
flux) around eachfilled circle representing the extremes of the ensemble of 12 scenarios. The dark grey outlines are the catchment
boundaries of the feeder basins for each delta. 1 Amazon, 2 Amur, 3 Burdekin, 4Chao Phraya, 5 Colorado, 6Congo, 7 Ebro, 8 Fly, 9
GBM, 10Godavari, 11Grijalva, 12Han, 13 Indus, 14 Irrawaddy, 15Krishna, 16 Lena, 17 Limpopo, 18Mackenzie, 19Magdalena, 20
Mahakam, 21MBB, 22Mekong, 23Mississippi, 24Moulouya, 25Murray, 26Niger, 27Nile, 28Orinoco, 29 Paraná, 30 Pearl, 31 Po,
32 Red, 33Rhine, 34Rhône, 35RioGrande, 36 São Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42Vistula,
43 Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi.

Table 1. Look-up table for the anthropogenic factor
(EH) as a function of population density andGNPper
capita (Syvitski andMilliman 2007, Cohen et al
2013, 2014).

Population density

(persons km–2)

<30 30–140 >140

GNPper capita $( )
<2500 1.0 1.0 2.0

2500–20 000 1.0 1.0 1.0

>20 000 1.0 0.3 0.3
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method of representing anthropogenic activities is
intended to reflect not just influence on the production
of sediment through land use, but also other activities
which may affect the passage of sediment downstream
such as channel mining and river engineering works.
The method is therefore intended to reflect the physical
characteristics and anthropogenic activities of the whole
basin.

The WBMsed model simulations are undertaken
at daily time steps and, in this study, themodel was run
over a global stream-network grid at 6 arc-min
(∼11 km at the equator) spatial resolution. This spatial
and temporal resolution is appropriate to capture
temporal changes in extreme flow conditions (both
high and low) due to changes in climatic conditions
and dam construction. High-magnitude streamflow
events can contribute a large proportion (often the
majority) of the long-term sediment flux budget so
capturing these events is important. Thus, climate and
damming effects on the magnitude and frequency of
extreme streamflow can be more consequential to
sediment flux dynamics than their effect on average
streamflow changes. While uncertainty in these short-
termmodel predictions are relatively high (Cohen et al
2014), our analysis is based on long-term relative
(decadal) changes. So, although themodelmay over or
under predict sediment flux there is confidence,
underpinned by theory and validation, in the relative
changes over time as these are driven solely by changes
in the simulated scenario.

Mean annual sediment fluxes were extracted from
WBMsed projections at the delta apices (supplemen-
tary table 2) and then averaged over the decadal peri-
ods of interest (1990–2019 and 2070–1099). The delta
apices were defined as the point at which each major
river enters the delta area (Tessler et al 2015).WBMsed
was run using the inputs listed in table 2, together with
additional datasets to parameterise the scenarios of
future changes in sediment load; these additional data
sets are detailed in section 2.2, along with an

explanation of the construction of themodel scenarios
employed.

2.1.1. Validation
The WBMsed model performance was evaluated by
comparing the computed mean annual 1990–1999
water and sediment fluxes with observed data, where
such observed data are available (see supplementary
table 2). When comparing the simulated and observed
mean annual water and sediment fluxes, the simulated
data are largely within an order of magnitude of the
observed data and are clustered around the y=x line
(supplementary figure 1). We focus here on relative
changes in sediment load and the relative importance
of the different drivers of change at a global-scale.
While we recognise that uncertainties in the model
structure, input data, and observationsmay preclude a
precise replication of sediment flux for an individual
basin, the model validation indicates that overall
trajectories of change can be established with con-
fidence, as can comparisons of the relative changes
both within and between individual basins, so analysis
of these relative changes in a global context is a robust
presentation of themodelled changes.

2.2.Model scenarios
We constructed a total of 12 future environmental
change scenarios based on the combination of four
climate change pathways (Jones et al 2011, Representa-
tive Concentration Pathways, RCPs), three socioeco-
nomic change pathways (Murakami and Yamagata
2016, Shared Socioeconomic Pathways, SSPs), and a
single dam construction timeline (Zarfl et al 2015).
These scenarios enable the impacts of the environ-
mental changes on water and sediment flux to be
assessed both in combination and in isolation i.e. for
each individual driver pathway of climate change,
socioeconomic development, and dam construction.
In all cases the simulations are run to the year 2099.

Table 2.Overview of data inputs required by theWBMsed simulationswith a summary of data sources employed in this study.

Input Format Data source

Flownetwork Static grid Vörösmarty et al (2000)
Contributing area Static grid Vörösmarty et al (2000)
Maximum relief Static grid Cohen et al (2008)
Minimum slope Static grid Vörösmarty et al (2000)
Ice cover Static grid Cohen et al (2013)
Small reservoir capacity Annual grid Wisser et al (2010)
Irrigation area Annual grid Wisser et al (2008)
Irrigation intensity Static grid Allen et al (1998)
Irrigation efficiency Static grid Allen et al (1998)
Crop fraction Static grid Ramankutty and Foley (1999)
Lithology factor Static grid Syvitski andMilliman (2007)
Soil parameters Static grid Food andAgricultural Organisation SoilMap

Bankfull discharge Grid and recurrence interval constant Cohen et al (2013)
River bed slope Constant Cohen et al (2013)
Floodplain to riverflow Constant Cohen et al (2013)
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2.2.1. Climate change data
The climate change pathways used in this work are
based on the four RCPs (van Vuuren et al 2011). The
RCPs encompass internally consistent land use, GHG
(greenhouse gas) and other atmospheric pollutant
emissions and atmospheric concentration data. The
climate projections employed here are based on a set
of General Circulation Model (Met Office Hadley
Centre Global Environment Model version 2—Earth
System (HadGEM2-ES), Jones et al 2011) simulations
forced using these RCPs as well as solar irradiance and
stratospheric volcanic aerosols to model historical and
future climate projections at 0.5 degree spatial and
daily time step resolution for the period 1950–2100
(experiments number 3.2 and 4.1–4.4 in Jones et al
2011). The RCPs diverge from 2005 onwards, so the
1950–2004 climate data is the same for all pathways.
Mean (daily 0.5° spatial resolution) air temperature
(°C) and precipitation (mm/a) are taken from the
outputs of the runs of HadGEM2-ES (Jones et al 2011)
andwere used to driveWBMsed for the period 1980 to
the end of 2099.

2.2.2. Socioeconomic change data
The scenarios used in this current research incorporate
three of the five SSPs, SSP1 to SSP3. The SSPs are
narratives which explore a range of plausible scenarios
for future global socioeconomic development. The
result of these narratives is a collection of pathways
which exhibit different climate change mitigation and
adaptation challenges (Riahi et al 2017). The pathways
used in this research, SSP1 to SSP3, have progressively
higher challenges for both adaptation and mitigation
(O’Neill et al 2014). Decadal population and GNP
projections by country were created from each of the
SSP storylines. The method for the production of the
population data is based on the projected fertility,
mortality, migration, and education differences
between the SSPs (KC and Lutz 2017). Themodel used
for producing the GNP data is based primarily on
population demographics, productivity growth, phy-
sical capital accumulation, and country-specific fac-
tors (CrespoCuaresma 2015).

The original economic and population projections
(Riahi et al 2017) are presented at the country scale,
however these national-scale data have been dis-
aggregated to 0.5° resolution globally for the period
2020–2100 (Murakami and Yamagata 2016) and it is
these data which were used in this research (version
1.0 of the datasets). The downscaling procedures are
identical for both the population and GNP data, and
were based on an ensemble mean of three determinis-
tic and three stochastic approaches to downscaling to
enable the flexible use of multiple auxiliary variables
(see Murakami and Yamagata (2016) for details). All
downscaling approaches use urban area, urban popu-
lation, and total road length to determine population
per grid cell. The deterministic methods distribute
population by weighting those three factors. The

stochastic approaches are geographically weighted
regression models, assuming non-stationarity, which
incorporates the three previously mentioned factors.
The spatially disaggregated socioeconomic data retain
the temporal resolution of the original SSP data, giving
data for one year per decade (2010, 2020, etc). To allow
the data to be input to WBMsed the data for each cell
in the spatially disaggregated dataset were linearly
interpolated through time, thereby creating annual
global datasets.

2.2.3. Reservoir construction data
We employed the global, spatially explicit, projected
dam database (Zarfl et al 2015), which details hydro-
power dams with 1 MWor greater generating capacity
which are either under construction or planned. Note
that the exclusion of dams under 1 MW capacity,
together with the focus on hydropower dams, means
that the dataset under-estimates potential future dam
construction. The dam database (Zarfl et al 2015)
includes information on dam location, generating
capacity, and construction timeline. In addition,
WBMsed requires an estimate of reservoir storage
capacity to calculate sediment flux (Syvitski and
Milliman 2007). We therefore employed equation (5)
to estimate each reservoir’s storage capacity from the
hydroelectric generating capacity using:

K H 3.19, 5E *= ( )

whereK is the reservoir storage volume (m3) andHE is
the hydroelectric generating capacity (W, Grill et al
2015). Equation (5) is based on information from 251
plannedAsian dams.

Existing dams were represented using the GRanD
database (Lehner et al 2011a, 2011b). For most of the
planned dams (Zarfl et al 2015) the construction time-
line is not available, therfore all planned dams are
assumed to be constructed by 2050 and beyond 2050
the reservoir capacity remains unchanged. In reality
not all the dams implemented in the model timeline
will be built by 2050; somemay be built after 2050, in a
modified form, or not at all. The future dams dataset
used is in some ways an underestimation of total
potential future reservoir volume as only hydropower
dams with a capacity ofmore than 1MWare included.
Additional uncertainty is caused by the unknown sta-
tus of the current and future operational management
of each reservoir. Here it is assumed that the reservoirs
are all maintained, with no loss of capacity due to sedi-
ment deposition, and that no dams are decommis-
sioned or removed. The dam construction pathway
that are employed here should be seen as an indicative
and realistic description of potential dam provision in
the future, but it may not represent the most likely
future due to assumptions made about the type and
timing of dam construction over the 21st century.
However, the timeline used is currently the most
robust pathway in terms of integration of available
information on a global scale. The single reservoir
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construction timeline employed was created using all
information available for large planned dams because
globally consistency of the scenarios used in this
research is essential, and the creation ofmultiple time-
lines would lead to inconsistency at the global scale
due to the uncertainties in the likelihood of planned
dams being realised.

3. Results

The results (figure 1) highlight major changes in the
mean annual sediment load delivered to the 47 deltas
between the 30 year periods at the start (1990–2019)
and end (2070–2099) of the present century. Con-
sidering the ensemble mean of the 12 environmental
change scenarios across all 47 deltas, mean annual
sediment flux is projected to decrease by 38% (a
decline of 2500 Mt/a in total, from 6500 to 4000 Mt/
a). For individual deltas, the change varies between a
reduction of 83% (30 Mt/a) for the Indus to an
increase of 49% (3 Mt/a) for the Limpopo. Indeed,
much greater variability is seen in the ensemble mean
change in projected sediment flux across the 47 deltas
than there is in variability between the 12 environ-
mental change scenarios. The range of simulated
sediment fluxes across the ensemble of the 12 scenar-
ios (shown for individual deltas on figure 1 and
supplementary figure 2) are only 7% (450Mt/a) of the
initial total sediment load. The scenario with the
highest socioeconomic challenges (SSP3) and the
largest climate change (RCP8.5) produces the smallest
decrease in simulated sediment flux (34%or 2300Mt/
a across the 47 deltas), whereas the scenario with the
lowest socioeconomic challenges (SSP1) and smallest
climate changes (RCP2.6) cause the largest decrease in
simulated sediment flux (41% or 2700Mt/a across the
47 deltas). This is because anthropogenic climate
change tends to drive increased sediment flux through
increased air temperature and precipitation (see
equations (1) and (2) in section 2.1), whereas higher
socioeconomic challenges result in higher sediment
flux, as less economic development results in poorer
land management and higher soil erosion (Syvitski
et al 2003, Syvitski and Milliman 2007, Kettner and
Syvitski 2008a, 2008b, see section 2.1 and table 1).

The changes in projected fluvial sediment delivery
vary substantially between deltas depending on the
primary driver of change affecting each feeder catch-
ment (figure 2, supplementary figure 3). Taking the
mean of the four climate change pathways (figure 2),
sediment fluxes to the 47 deltas increase by 7% (500
Mt/a) over the 21st century, with a range of 6%–9%
(400–600 Mt/a) depending on the respective climate
change scenario (RCP8.5 giving the greatest change
and RCP2.6 the least). A total of 39 of the 47 deltas
exhibit an increase in sediment flux across all four cli-
mate change pathways, with projected increases in
temperature over the 21st century for all the climate

pathways being the primary factor for the climate-dri-
ven increases in sediment delivery globally, although
changes in precipitation also influence sediment fluxes
(see equations (1) and (2) in section 2.1). Precipitation
changes are variable across the globe and so the effect
on runoff generation and sediment transport likewise
varies between the delta catchments. Only five deltas
(the Chao Phraya, Magdalena, Nile, Parana, and Tigris
Euphrates) exhibit a decrease in sediment flux across
all four climate change pathways, but for three of these
(Chao Phraya, Nile, and Parana) these projected
declines are small (<10%). For two deltas (Tigris
Euphrates and Magdalena), the projected decline in
sediment flux is larger (28% and 26%, respectively)
and is forced by a significant decrease in precipitation.
For the remaining three deltas (the Colorado, Mou-
louya, and Murray), the direction of projected sedi-
ment flux change is dependent on the specific climate
change pathway under consideration. When com-
pared with the other drivers considered here, climate
change causes the smallest changes in sediment flux.

The projected socioeconomic changes investigated
here drive an overall decrease in fluvial sediment deliv-
ery of 11% (700 Mt/a) in the mean of the three socio-
economic scenarios, but 31 of the 47 deltas experience
no change in sediment load as a result of socio-
economic change (figure 2). The majority of deltas are
unaffected by socioeconomic change because either
there is no change in socioeconomic classification in
the catchment over the course of the 21st century e.g.
Congo, Lena, Mississippi, or because counteracting
changes occur which neutralise the overall effect e.g.
Nile, Volta, Yellow. For example, such a neutralising
effect can occur as a result of an initial increase in
population density driving an increase in sediment
delivery that is later counter-balanced by increasing
wealth driving a decline in sediment delivery (see
table 1). For the 16 deltas that are affected by socio-
economic changes, the mean change in sediment
delivery ranges between −8% and −86% across the
three socioeconomic pathways. For 11 of these 16
affected deltas, sediment loads are projected to decline
in all of the socioeconomic pathways, however for four
of these deltas (Magdalena, Pearl, Po, and Rhône)
there is no change under SSP3 and for one (Volta)
there is no change under two of the socioeconomic
pathways (SSP2 and SSP3). The differences between
socioeconomic pathways arise because those pathways
with higher socioeconomic challenges (SSP3) have less
socioeconomic development and therefore less influ-
ence on catchment erosion. Importantly, for 13 of the
16 deltas that are affected by projected socioeconomic
change, the scale of the impact on reduced sediment
load is greater than the increase influx driven by future
climate change.

Dam construction induces major change in future
sediment flux, with the dam construction scenario
driving an overall 30% (2000 Mt/a) decrease in fluvial
sediment flux for the 26 deltas affected by dam
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construction over the 21st century (figure 2). For 17 of
the 47 deltas investigated here, dam construction is
therefore the key driver of the projected decrease in
sediment flux, overwhelming the influence of climate
change and often (for 15 of the 17 deltas) exceeding the
effects of projected socioeconomic development in
every pathway.

The relative influence of climate change, socio-
economic development, and dam construction on the
sediment flux reaching the deltas, when combined
with knowledge of the global spatial distribution of
these driving factors, affords insight into regional
response and risk factors (figure 3). There are several
clusters of deltas, for instance in Central and South
America, Africa, and in the high latitudes, where dam
construction is projected to be the dominant factor
driving reduced sediment loads in the 21st century.

For these deltas, closer scrutiny of the adverse impacts
of planned dams, when combined with sediment
flushing measures, could allow mitigation of some of
the worst projected declines in the downstream trans-
mission of fluvial sediment. Other clusters of deltas,
notably in Asia and Europe, have sediment loads dom-
inantly impacted by projected future socioeconomic
development. Lastly, there are clusters of deltas for
which the key driver of future sediment flux change is
climate change, due to a lack of projected anthro-
pogenic disturbance over the 21st century. Climate
change dominates the response of these deltas either
because their low populations reduce the significance
within the model of future socioeconomic change
(Australasia), or because their catchments have
already been extensively impacted by anthropogenic
activity such as dam construction (NorthAmerica).

Figure 2.Change in simulatedmean annual sediment fluxQs (1990–2019 to 2070–2099 decadalmeans) at 47 delta apices due to
socioeconomic change (SSP), climate change (RCP), and dam construction (Dams). For socioeconomic and climate change, the bars
represent themean of the scenarios whereas the error bars show themaximumandminimum result from the scenario ensemble for
each delta.

7

Environ. Res. Lett. 14 (2019) 084034



4. Conclusions

Our projections show major declines in fluvial sedi-
ment supply to many of the world’s major deltas over
the remainder of this century. On average across the
environmental change scenarios, mean sediment sup-
ply to the 47 major deltas decreases by 38% (2500Mt/
a) between 1990–2019 and 2070–2099, with a range of
34%–41% dependent on scenario. In the average of
the scenarios, 33 of the 47 deltas are projected to
experience in decrease supply. Dam construction is
projected to cause the largest changes in sediment
supply, decreasing delivery to the deltas by 30% (2000
Mt/a), however socioeconomic change can be just as
significant for individual deltas while only causing an
overall decrease of 7%–12% (500–800 Mt/a). Climate
change drives the smallest changes, causing a 6%–9%
(400–600 Mt/a) increase in sediment supply depend-
ing on the pathway. While quantification of the effects
of these global drivers is novel, the reduction in
sediment flux due to reservoir construction is not
surprising considering the global history of sediment
interception by dams (Vörösmarty et al 2003, Syvitski
et al 2005b) and projections of planned dams into the
future (Zarfl et al 2015).

Considering the limitations of the current
research, there are particular actions which could be
taken to further explore the subtleties of the metho-
dology and results. Firstly, there is the potential to
improve the link between anthropogenic activities and
fluvial sediment fluxes. The current relationship uses
proxies in the form of wealth and population density,
and developments could include relationships
between specific anthropogenic actions such as land
management and river sediment. Secondly, a key
result of this research is the importance of reservoir
construction for sediment delivery. Further work on

scenarios of reservoir construction is crucial to reduce
the uncertainty inherent in this vital factor. Uncertain-
ties arise due to the difficulties in creating scenarios of
reservoir construction which are globally consistent
with regards to which dams are built where and in
what form, as well as maintenance regimes and poten-
tial dam removal. An additional aspect of scenario
construction which has the potential for further devel-
opment is the inclusion of glacial influence on sedi-
ment delivery. The current model assumes a time-
invariant glacier area, which in future work could be
updated to include more recent datasets (e.g. RGI
Consortium 2017, Maussion et al 2019) as well as to
include dynamic projections of glacier area under var-
ious climate scenarios.

The specific implications of the declines in sedi-
ment supply for individual deltas depend on the rates
of change of other key controlling factors, such as sub-
sidence and geocentric sea-level rise, as well as the cur-
rent and future rates of sediment retention on deltas.
The potential for sediment to be retained on deltas is,
alongwith a supply of fluvial sediment fromupstream,
a vital prerequisite for delta aggradation. Anthro-
pogenic activities within delta areas are often incom-
patible with, or preclude, the flooding necessary for
sediment deposition, or actively inhibit access to the
land surface for sediment deposition, for example due
to the presence of urban infrastructure. Without the
ability to retain the supply of available sediment on the
delta surface, deltas will be unable to avoid relative sea
level rise. This and other factors should be investigated
inmore detail using delta-specific analysis.

Notwithstanding the uncertainties inherent in esti-
mating future rates of relative sea-level rise, the declines in
future sediment load projected here are sufficiently large
and consistent to raise concerns about the future of deltas.
These results suggest potentially major adverse impacts,

Figure 3.Geographic distribution ofmain drivers of sediment flux change to deltas over the 21st century, with existing (heatmap) and
planned (squares) reservoir volumes. The outlines are the catchment boundaries of the feeder basins for each delta. Points indicate
delta locations, coloured depending on themain driver of sedimentflux change for the delta over the 21st century: blue for
socioeconomic driven change, pink for damdriven change, green for climate driven change.
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including accelerated loss of elevation and ‘delta drown-
ing’, or a growingdependencyondikes andpumpeddrai-
nage as exemplified by the Netherlands. Hence, there is
now a clear imperative to mitigate declining fluvial sedi-
ment loads to minimise such impacts. Importantly for
such mitigation efforts, our research highlights that
anthropogenic climate change is the least influential dri-
ver of sediment flux change investigated here. Rather, the
key drivers of future reduced fluvial sediment loads are
anthropogenic activities occurring within each of the del-
ta’s catchments, primarily increased dam construction.
While the scale of the challenge is significant, this means
that nations hosting the world’s deltas and their asso-
ciated catchments, as well as relevant international orga-
nizations e.g. United Nations, World Bank, should
consider sediment management, including measures to
minimise sediment flux reductions detrimental to down-
stream delta sustainability. This consideration is a logical
extension of integrated delta management planning
which is becomingmorewidespread (Seijger et al2016).

Acknowledgments

This work was supported by the Southampton Marine
and Maritime Institute (SMMI). The authors acknowl-
edge the use of the IRIDIS High Performance Comput-
ing Facility and associated support services at the
University of Southampton in the completion of this
work.We are also grateful for the computing time on the
Colorado University Boulder Community Surface
DynamicsModeling System (CU-CSDMS)High-Perfor-
mance Computing Cluster. SC’s contribution was partly
supported by the National Science Foundation Geogra-
phy and Spatial Sciences (GSS) Program (Grant
1561082). Finally,we thankMarkDover for cartographic
assistance. The authorsdeclare no conflicts of interest.

Data availability statement

Themodel results are available through the Delta Portal
(http://delta-portal.net). Themodel code is available on
the CSDMSmodel repository (https://csdms.colorado.
edu/wiki/Model:WBMsed) and additional model pre-
dictions are available on the SDML data repository
(https://sdml.ua.edu/datasets-2).

ORCID iDs

Frances EDunn https://orcid.org/0000-0003-
3726-7158

References

Allen RG, Pereira L S, RaesD and SmithM1998Crop
evapotranspiration: guidelines for computing cropwater
requirements. Food andAgricultural Organization of the
UnitedNations (FAO) Irrigation and drainage paper 56

Anthony E J, Brunier G, BessetM,GoichotM,Dussouillez P and
NguyenVL 2015 Linking rapid erosion of theMekongRiver
delta to human activities Sci. Rep. 5 1–12

BrownCB 1944Discussion. In sedimentation in reservoirsTrans.
Am. Soc. Civ. Eng. 109 1047–106

Brown S andNicholls R 2015 Subsidence and human influences in
mega deltas: the case of theGanges-Brahmaputra-Meghna
Sci. Total Environ. 527–528 362–74

BruneGM1953Trap efficiency of reservoirsTrans. Am.Geophys.
Union 34 407–18

Cazenave A andRemyF 2011 Sea level and climate:measurements
and causes of changesWIREsClim. Change 2 647–62

Chen F, LinH, Zhang Y and LuZ 2012Ground subsidence geo-
hazards induced by rapid urbanization: implications from
InSARobservation and geological analysisNat.Hazards Earth
Syst. Sci. 12 935–42

ChenX, Feng Y andHuangNE 2014Global sea level trend during
1993–2012Glob. Planet. Change 112 26–32

Cohen S,WillgooseG andHancockG2008Amethodology for
calculating the spatial distribution of the area-slope equation
and the hypsometric integral within a catchment J. Geophys.
Res.: Earth Surf. 113 F03027

Cohen S, Kettner A J, Syvitski J PMand Fekete BM2013WBMsed,
a distributed global-scale riverine sedimentfluxmodel:
model description and validationComput. Geosci. 53 80–93

Cohen S, Kettner A J and Syvitski J PM2014Global suspended
sediment andwater discharge dynamics between 1960 and
2010: continental trends and intra-basin sensitivityGlob.
Planet. Change 115 44–58

CrespoCuaresma J 2015 Income projections for climate change
research: a framework based on human capital dynamics
Glob. Environ. Change 42 226–36

Darby SE,DunnFE,NichollsR J,RahmanMandRiddyL2015Afirst
look at the influenceof anthropogenic climate changeon the
futuredelivery offluvial sediment to theGanges–Brahmaputra–
MeghnadeltaEnviron. Sci. Process. Impact171587–600

Darby S E,HackneyCR, Leyland J, KummuM, Lauri H,
ParsonsDR, Best J L,Nicholas A P andAalto R 2016 Fluvial
sediment supply to amega-delta reduced by shifting tropical-
cyclone activityNature 539 276–9

Day JW et al 2016Approaches to defining deltaic sustainability in
the 21st century Estuar. Coast. Shelf Sci. 183 275–91

DunnFE,Nicholls R J, Darby S E, Cohen S, ZarflCand Fekete BM
2018 Projections of historical and 21st century fluvial
sediment delivery to theGanges–Brahmaputra–Meghna,
Mahanadi, andVolta deltas Sci. Total Environ. 642 105–16

DürrHH,MeybeckMandDürr SH2005 Lithologic composition
of the Earth’s continental surfaces derived from a newdigital
map emphasizing riverinematerial transferGlob.
Biogeochem. Cycles 19GB4S10

Erban L E,Gorelick SMandZebkerHA2014Groundwater
extraction, land subsidence, and sea-level rise in theMekong
Delta, Vietnam Environ. Res. Lett. 9 084010

Ericson J P, VörösmartyC J, Dingman S L,Ward LG and
MeybeckM2006 Effective sea-level rise and deltas: causes of
change and human dimension implicationsGlob. Planet.
Change 50 63–82

EvansG 2012Deltas: the fertile dustbins of the continents Proc.
Geologist. Assoc. 123 397–418

FitzGeraldDM, FensterMS, ArgowBA andBuynevich I V 2008
Coastal impacts due to sea-level riseAnnu. Rev. Earth Planet.
Sci. 36 601–47

Fujihara Y,HoshikawaK, Fujii H, Kotera A,NaganoT and
Yokoyama S 2015Analysis and attribution of trends inwater
levels in theVietnameseMekongDeltaHydrol. Process. 30
835–45

Giosan L, Syvitski J, Constantinescu S andDay J 2014 Protect the
world’s deltasNature 516 31–3

GrillG, LehnerB,LumsdonAE,MacDonaldGK,ZarflCand
ReidyLiermannC2015An index-based framework for assessing
patterns and trends in river fragmentationandflowregulationby
global damsatmultiple scalesEnviron.Res. Lett.10015001

9

Environ. Res. Lett. 14 (2019) 084034

http://www.delta-portal.net/
https://csdms.colorado.edu/wiki/Model:WBMsed
https://csdms.colorado.edu/wiki/Model:WBMsed
https://sdml.ua.edu/datasets-2
https://orcid.org/0000-0003-3726-7158
https://orcid.org/0000-0003-3726-7158
https://orcid.org/0000-0003-3726-7158
https://orcid.org/0000-0003-3726-7158
https://orcid.org/0000-0003-3726-7158
https://doi.org/10.1038/srep14745
https://doi.org/10.1038/srep14745
https://doi.org/10.1038/srep14745
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1029/TR034i003p00407
https://doi.org/10.1029/TR034i003p00407
https://doi.org/10.1029/TR034i003p00407
https://doi.org/10.1002/wcc.139
https://doi.org/10.1002/wcc.139
https://doi.org/10.1002/wcc.139
https://doi.org/10.5194/nhess-12-935-2012
https://doi.org/10.5194/nhess-12-935-2012
https://doi.org/10.5194/nhess-12-935-2012
https://doi.org/10.1016/j.gloplacha.2013.11.001
https://doi.org/10.1016/j.gloplacha.2013.11.001
https://doi.org/10.1016/j.gloplacha.2013.11.001
https://doi.org/10.1029/2007JF000820
https://doi.org/10.1016/j.cageo.2011.08.011
https://doi.org/10.1016/j.cageo.2011.08.011
https://doi.org/10.1016/j.cageo.2011.08.011
https://doi.org/10.1016/j.gloplacha.2014.01.011
https://doi.org/10.1016/j.gloplacha.2014.01.011
https://doi.org/10.1016/j.gloplacha.2014.01.011
https://doi.org/10.1016/j.gloenvcha.2015.02.012
https://doi.org/10.1016/j.gloenvcha.2015.02.012
https://doi.org/10.1016/j.gloenvcha.2015.02.012
https://doi.org/10.1039/C5EM00252D
https://doi.org/10.1039/C5EM00252D
https://doi.org/10.1039/C5EM00252D
https://doi.org/10.1038/nature19809
https://doi.org/10.1038/nature19809
https://doi.org/10.1038/nature19809
https://doi.org/10.1016/j.ecss.2016.06.018
https://doi.org/10.1016/j.ecss.2016.06.018
https://doi.org/10.1016/j.ecss.2016.06.018
https://doi.org/10.1016/j.scitotenv.2018.06.006
https://doi.org/10.1016/j.scitotenv.2018.06.006
https://doi.org/10.1016/j.scitotenv.2018.06.006
https://doi.org/10.1029/2005GB002515
https://doi.org/10.1088/1748-9326/9/8/084010
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1016/j.pgeola.2011.11.001
https://doi.org/10.1016/j.pgeola.2011.11.001
https://doi.org/10.1016/j.pgeola.2011.11.001
https://doi.org/10.1146/annurev.earth.35.031306.140139
https://doi.org/10.1146/annurev.earth.35.031306.140139
https://doi.org/10.1146/annurev.earth.35.031306.140139
https://doi.org/10.1002/hyp.10642
https://doi.org/10.1002/hyp.10642
https://doi.org/10.1002/hyp.10642
https://doi.org/10.1002/hyp.10642
https://doi.org/10.1038/516031a
https://doi.org/10.1038/516031a
https://doi.org/10.1038/516031a
https://doi.org/10.1088/1748-9326/10/1/015001


Guillén J andPalanques A 1997Ahistorical perspective of the
morphological evolution in the lower Ebro river Environ.
Geol. 30 174–80

Higgins S A 2016Review: advances in delta-subsidence research
using satellitemethodsHydrogeol. J. 24 587–600

IbáñezC,Day JWandReyes E 2014The response to sea-level rise:
Naturalmechanisms andmanagement options to adapt to
high-end scenarios Ecol. Eng. 65 122–30

Jones CD et al 2011TheHadGEM2-ES implementation of CMIP5
centennial simulationsGeosci.Model Dev. 4 543–70

Jones CE, AnK, BlomRG,Kent JD, Ivins ER andBekaert D 2016
Anthropogenic and geologic influences on subsidence in the
vicinity ofNewOrleans, Louisiana J. Geophys. Res. Solid Earth
121 3867–87

KCS and LutzW2017The human core of the shared
socioeconomic pathways: population scenarios by age, sex
and level of education for all countries to 2100Glob. Environ.
Change 42 181–92

Kettner A J and Syvitski J PM2008a Predicting discharge and
sedimentflux of the PoRiver, Italy since the Last Glacial
Maximum Spec. Publ. Int. Assoc. Sedimentol 40 171–89

Kettner A J and Syvitski J PM2008bHydroTrend v.3.0: a climate-
driven hydrological transportmodel that simulates discharge
and sediment load leaving a river systemComput. Geosci. 34
1170–83

Kondolf G ,M et al 2018Changing sediment budget of theMekong:
Cumulative threats andmanagement strategies for a large
river basin Sci. Total Environ. 625 114–34

Lehner B et al 2011aHigh-resolutionmapping of theworld’s
reservoirs and dams for sustainable river-flowmanagement
Frontiers Ecol. Environ. 9 494–502

Lehner B et al 2011bGlobal Reservoir andDamDatabase, Version 1
(GRanDv1): Dams, Revision 01 (Palisades, NY:NASA
SocioeconomicData andApplications Center (SEDAC))
(https://doi.org/10.7927/H4N877QK)

Maussion F et al 2019The open global glaciermodel (OGGM) v1.1
Geosci.Model Dev. 12 909–31

Milliman JD andMeade RH1983World-wide delivery of river
sediment to theOceans J. Geol. 91 1–21

Milliman JD and Syvitski J PM1992Geomorphic/tectonic control
of sediment discharge to the ocean: the importance of small
mountainous rivers J. Geol. 100 525–44

Minderhoud P S J, ErkensG, PhamVH, Bui VT, Erban L,
KooiH and Stouthamer E 2017 Impacts of 25 years of
groundwater extraction on subsidence in theMekong delta,
VietnamEnviron. Res. Lett. 12 064006

MurakamiD andYamagata Y 2016 Estimation of gridded
population andGDP scenarios with spatially explicit
statistical downscaling Sustainability 11 2106

O’Neill BC, Kriegler E, Riahi K, Ebi K L,Hallegatte S, Carter TR,
Mathur R and vanVuurenDP 2014Anew scenario
framework for climate change research: theconcept of shared
socioeconomic pathwaysClim. Change 122 387–400

PeltierWR2004Global glacial isostasy and the surface of the Ice-
Age Earth: the ICE-5G (VM2)Model andGRACEAnnu. Rev.
Earth Planet. Sci. 32 111–49

Praskievicz S 2016 Impacts of projected climate changes on
streamflow and sediment transport for three snowmelt-
dominated rivers in the interior PacificNorthwestRiver Res.
Appl. 32 4–17

RamankuttyN and Foley J A 1999 Estimating historical changes in
global land cover: croplands from1700 to 1992Glob.
Biogeochem. Cycles 13 997–1027

RGIConsortium2017Randolph glacier inventory—a dataset of
global glacier outlines: version 6.0Technical ReportGlobal
Land IceMeasurements fromSpace, Colorado,USADigital
Media (https://doi.org/10.7265/N5-RGI-60)

Riahi K et al 2017The Shared Socioeconomic Pathways and their
energy, land use, and greenhouse gas emissions implications:
an overviewGlob. Environ. Change 42 153–68

Seijger et al 2016An analytical framework for strategic delta
planning: negotiating consent for long-term sustainable delta
development J. Environ.Manage. 60 1485–509

Smajgl A, ToanTQ,NhanDK,Ward J, TrungNH, Tri LQ,
Tri V PD andVuPT2015Responding to rising sea levels in
theMekongDeltaNat. Clim. Change 5 167–74

Syvitski J PM, PeckhamSD,HilbermanR andMulder T 2003
Predicting the terrestrial flux of sediment to the global ocean:
a planetary perspective Sediment. Geol. 162 5–24

Syvitski J PM et al 2005aDynamics of the coastal zoneCoastal Fluxes
in the Anthropocene edC JCrossland et al (Berlin: Springer)
pp 39–94

Syvitski J PM,VörösmartyC J, Kettner A J andGreen P 2005b
Impact of humans on theflux of terrestrial sediment to the
Global CoastalOcean Sci. 308 376–80

Syvitski J PMand Saito Y 2007Morphodynamics of deltas under the
influence of humansGlob. Planet. Change 57 261–82

Syvitski J PMandMilliman JD 2007Geology, geography, and
humans battle for dominance over the delivery offluvial
sediment to the coastal ocean J. Geol. 115 1–19

Syvitski J PM2008Deltas at risk Sustain. Sci. 3 23–32
Syvitski J PM et al 2009 Sinking deltas due to human activitiesNat.

Geosci. 2 681–6
Syvitski J PMandKettner A 2011 Sedimentflux and the

Anthropocene Phil. Trans. R. Soc. 369 957–75
TesslerZD,VörösmartyC J,GrossbergM,Gladkova I,AizenmanH,

Syvitski J PMandFoufoula-GeorgiouE2015Profiling risk and
sustainability in coastal deltasof theworldScience349638–43

Tessler ZD,Vörösmarty C J, GrossbergM,Gladkova I and
AizenmanH2016A global empirical typology of
anthropogenic drivers of environmental change in deltas
Sustain. Sci 11 525–37

Tessler ZD,Vörösmarty C J, Overeem I and Syvitski J PM2018A
model of water and sediment balance as determinants of
relative sea level rise in contemporary and future deltas
Geomorphology 305 209–20

vanAsselen S, CohenKMand Stouthamer E 2017The impact of
avulsion on groundwater level and peat formation in delta
floodbasins during themiddle-Holocene transgression in the
Rhine-Meuse delta, TheNetherlandsHolocene 27 1694–706

vanVuurenDP et al 2011The representative concentration
pathways: an overviewClim. Change 109 5–31

VörösmartyC J, Fekete BM,MeybeckMand Lammers RB 2000
Global systems of rivers: its role in organising continental
landmass and defining land-to-ocean linkagesGlob.
Biogeochem. Cycles 14 599–621

VörösmartyC J,MeybeckM, Fekete B, SharmaK,Green P and
Syvitski J PM2003Anthropogenic sediment retention:major
global impact from registered river impoundmentsGlob.
Planet. Change 39 169–90

WisserD, Frolking S, Douglas EM, Fekete BM, SchumannAHand
VörösmartyC J 2010The significance of local water resources
captured in small reservoirs for crop production—a global-
scale analysis J. Hydrol. 384 264–75

WisserD, Frolking S, Douglas EM, Fekete BM,Vörösmarty C J and
SchumannAH2008Global irrigationwater demand:
variability and uncertainties arising from agricultural and
climate data setsGeophys. Res. Lett. 35 L24408

WoodroffeCD,NichollsR J, Saito Y,ChenZ andGoodbred S L 2006
Landscape variability and the response ofAsianmegadeltas to
environmental changeGlobal Change and IntegratedCoastal
Management edNHarvey (Berlin: Springer)pp277–314

ZarflC, LumsdonAE andTockner K 2015A global boom in
hydropower dam constructionAquat. Sci. 77 161–70

10

Environ. Res. Lett. 14 (2019) 084034

https://doi.org/10.1007/s002540050144
https://doi.org/10.1007/s002540050144
https://doi.org/10.1007/s002540050144
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.1016/j.ecoleng.2013.08.002
https://doi.org/10.1016/j.ecoleng.2013.08.002
https://doi.org/10.1016/j.ecoleng.2013.08.002
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.1002/2015JB012636
https://doi.org/10.1002/2015JB012636
https://doi.org/10.1002/2015JB012636
https://doi.org/10.1016/j.gloenvcha.2014.06.004
https://doi.org/10.1016/j.gloenvcha.2014.06.004
https://doi.org/10.1016/j.gloenvcha.2014.06.004
https://doi.org/10.1016/j.cageo.2008.02.008
https://doi.org/10.1016/j.cageo.2008.02.008
https://doi.org/10.1016/j.cageo.2008.02.008
https://doi.org/10.1016/j.cageo.2008.02.008
https://doi.org/10.1016/j.scitotenv.2017.11.361
https://doi.org/10.1016/j.scitotenv.2017.11.361
https://doi.org/10.1016/j.scitotenv.2017.11.361
https://doi.org/10.1890/100125
https://doi.org/10.1890/100125
https://doi.org/10.1890/100125
https://doi.org/10.7927/H4N877QK
https://doi.org/10.5194/gmd-12-909-2019
https://doi.org/10.5194/gmd-12-909-2019
https://doi.org/10.5194/gmd-12-909-2019
https://doi.org/10.1086/628741
https://doi.org/10.1086/628741
https://doi.org/10.1086/628741
https://doi.org/10.1086/629606
https://doi.org/10.1086/629606
https://doi.org/10.1086/629606
https://doi.org/10.1088/1748-9326/aa7146
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.1146/annurev.earth.32.082503.144359
https://doi.org/10.1146/annurev.earth.32.082503.144359
https://doi.org/10.1146/annurev.earth.32.082503.144359
https://doi.org/10.1002/rra.2841
https://doi.org/10.1002/rra.2841
https://doi.org/10.1002/rra.2841
https://doi.org/10.1029/1999GB900046
https://doi.org/10.1029/1999GB900046
https://doi.org/10.1029/1999GB900046
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1080/09640568.2016.1231667
https://doi.org/10.1080/09640568.2016.1231667
https://doi.org/10.1080/09640568.2016.1231667
https://doi.org/10.1038/nclimate2469
https://doi.org/10.1038/nclimate2469
https://doi.org/10.1038/nclimate2469
https://doi.org/10.1016/S0037-0738(03)00232-X
https://doi.org/10.1016/S0037-0738(03)00232-X
https://doi.org/10.1016/S0037-0738(03)00232-X
https://doi.org/10.1126/science.1109454
https://doi.org/10.1126/science.1109454
https://doi.org/10.1126/science.1109454
https://doi.org/10.1016/j.gloplacha.2006.12.001
https://doi.org/10.1016/j.gloplacha.2006.12.001
https://doi.org/10.1016/j.gloplacha.2006.12.001
https://doi.org/10.1086/509246
https://doi.org/10.1086/509246
https://doi.org/10.1086/509246
https://doi.org/10.1007/s11625-008-0043-3
https://doi.org/10.1007/s11625-008-0043-3
https://doi.org/10.1007/s11625-008-0043-3
https://doi.org/10.1038/ngeo629
https://doi.org/10.1038/ngeo629
https://doi.org/10.1038/ngeo629
https://doi.org/10.1098/rsta.2010.0329
https://doi.org/10.1098/rsta.2010.0329
https://doi.org/10.1098/rsta.2010.0329
https://doi.org/10.1126/science.aab3574
https://doi.org/10.1126/science.aab3574
https://doi.org/10.1126/science.aab3574
https://doi.org/10.1007/s11625-016-0357-5
https://doi.org/10.1007/s11625-016-0357-5
https://doi.org/10.1007/s11625-016-0357-5
https://doi.org/10.1016/j.geomorph.2017.09.040
https://doi.org/10.1016/j.geomorph.2017.09.040
https://doi.org/10.1016/j.geomorph.2017.09.040
https://doi.org/10.1177/0959683617702224
https://doi.org/10.1177/0959683617702224
https://doi.org/10.1177/0959683617702224
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1029/1999GB900092
https://doi.org/10.1029/1999GB900092
https://doi.org/10.1029/1999GB900092
https://doi.org/10.1016/S0921-8181(03)00023-7
https://doi.org/10.1016/S0921-8181(03)00023-7
https://doi.org/10.1016/S0921-8181(03)00023-7
https://doi.org/10.1016/j.jhydrol.2009.07.032
https://doi.org/10.1016/j.jhydrol.2009.07.032
https://doi.org/10.1016/j.jhydrol.2009.07.032
https://doi.org/10.1029/2008GL035296
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1007/s00027-014-0377-0

	1. Introduction
	2. Methods
	2.1. Hydrogeomorphic model
	2.1.1. Validation

	2.2. Model scenarios
	2.2.1. Climate change data
	2.2.2. Socioeconomic change data
	2.2.3. Reservoir construction data


	3. Results
	4. Conclusions
	Acknowledgments
	Data availability statement
	References



