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Estuaries host unique biodiversity and deliver a range of ecosystem services at the
interface between catchment and the ocean. They are also among the most degraded
ecosystems on Earth. Freshwater flow regimes drive ecological processes contributing to
their biodiversity and economic value, but have been modified extensively in many systems
by upstream water use. Knowledge of freshwater flow requirements for estuaries
(environmental flows or E-flows) lags behind that of rivers and their floodplains.
Generalising estuarine E-flows is further complicated by responses that appear to be
specific to each system. Here we critically review the E-flow requirements of estuaries to 1)
identify the key ecosystem processes (hydrodynamics, salinity regulation, sediment
dynamics, nutrient cycling and trophic transfer, and connectivity) modulated by
freshwater flow regimes, 2) identify key drivers (rainfall, runoff, temperature, sea level
rise and direct anthropogenic) that generate changes to the magnitude, quality and timing
of flows, and 3) propose mitigation strategies (e.g., modification of dam operations and
habitat restoration) to buffer against the risks of altered freshwater flows and build
resilience to direct and indirect anthropogenic disturbances. These strategies support
re-establishment of the natural characteristics of freshwater flow regimes which are
foundational to healthy estuarine ecosystems.

Keywords: environmental flows (E-flows), estuaries, freshwater flow requirements, freshwater flow alteration,
ecosystem process and function, anthropogenic disturbance, climate change, mitigation and adaptation

1 INTRODUCTION

In many aquatic ecosystems, the freshwater flow regime, defined as the quality, quantity and
timing of flows (Kotzé, 2016), is regarded as the key variable shaping ecosystem processes
(Bunn and Arthington, 2002; Poff and Zimmerman, 2010). Any modification to the delivery of
freshwater flows has an impact on the functioning of aquatic ecosystem processes and
associated biological, chemical or physical responses (Van Niekerk et al., 2012).
Importantly, flow modifications that elicit major responses threaten the ability of an
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ecosystem to support and maintain a diverse and
resilient community of organisms (Andreasen et al., 2001;
Adams, 2014).

The flow regime influences ecosystem processes from the
headwaters of rivers and their catchments through to the
marine environment, and sometimes as far as the continental
shelf (Jutras et al., 2020; Liang et al., 2020). For example, slow-
flowing headwaters provide adequate duration for organic matter
decomposition and delivery of nutrient-rich water into the ocean,
stimulating productivity over the continental shelf (McClelland
et al., 2012). At the end of river catchments where freshwaters
transition into the sea, estuaries form an important conduit
between marine, freshwater and terrestrial realms (Gillanders
et al., 2011; Arthington, 2012; Adams et al., 2016a; Kotzé, 2016).
Strong physical, chemical and biological gradients are generated
by site-specific interactions of inflowing saline and freshwater
sources (Thrush et al., 2013; Kim et al., 2017) which drive
estuarine ecosystem processes (Figure 1), such as salinity
stratification, sediment erosion, flocculation and deposition,
and the cycling of nutrients. These processes interact over a
variety of spatial and temporal scales driven by variations of
freshwater flow (Belmar et al., 2019; Clark and O’Connor, 2019).
Because they have sharp environmental gradients, estuaries are
complex systems hosting a diversity of habitats (e.g., open water,
seagrass beds, mudflats, mangrove forests) that support a large

diversity of organisms (Barbier et al., 2011; Pinto and Marques,
2015).

Despite their ecological significance, estuaries are some of the
most degraded ecosystems on Earth (Gillanders et al., 2011;
Vermeiren and Sheaves, 2014; Kotzé, 2016). This degradation
is often rapid, due to their susceptibility from both coastal and
catchment pressures induced by climate change and direct
anthropogenic stressors (Figure 1; Waltham and Sheaves,
2015). The widespread degradation of estuaries is notably
caused due to eutrophication (Pinckney et al., 2001; Davis and
Koop, 2006; Maier et al., 2009; Howarth et al., 2011) and has been
the focus of research for many decades (e.g., Barlow et al., 1963;
Caperon et al., 1971; Livingston, 1996). However, we also
highlight the degradation estuaries have experienced as a
consequence of modifications to freshwater flow regimes
(Arthington, 2012; Kiwango et al., 2015; Stein et al., 2021),
resulting in a decline in estuarine habitat quality due to
altered ecosystem processes (Pinckney et al., 2001; Mbandzi
et al., 2018). This can induce problems, such as eutrophication
(see Section 4), due to biological responses (e.g., algal blooms,
seagrass dieback) associated with modified ecosystem structure
and function (Cottingham et al., 2018; Scharler et al., 2020).

Freshwater flow requirements to support fully functional,
healthy estuaries are largely ignored compared with those of
river and floodplain environments (Peñas et al., 2013; Adams,

FIGURE 1 | Conceptual diagram demonstrating the influences of freshwater flows on important estuarine ecosystem processes: 1) hydrodynamics, 2) salinity
regulation, 3a–e) sediment dynamics (a: catchment sediment input, b: lateral sediment exchange, c: mouth erosion/deposition, d: estuarine turbidity maximum (ETM), e:
lateral erosion), 4a–e) nutrient cycling and trophic transfer (a: biogeochemical processing and exchange between sediments, open water and atmosphere, b: catchment
nutrient and organic matter (OM) inputs, c: lateral nutrient and energy exchange, d: primary production, e: food webs), and 5a–c) hydrological connectivity (a:
longitudinal connectivity, b: lateral connectivity, c: energy transfer and faunal migrations), 6) spatial and temporal variability, and the drivers which change the influence of
freshwater flows upon the ecosystem processes: 7a-b) climate (a: rainfall, temperature, snowmelt, storms and droughts, b: evaporation and evapotranspiration, 8) sea
level rise and 9a–c) direct anthropogenic drivers (a: vegetation clearance, b: land use modification, c: in-channel structures).
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2014; Kiwango et al., 2015; Van Niekerk et al., 2019b; Stein et al.,
2021). This has been attributed to a lack of understanding of both
the mechanisms which drive estuarine ecological functioning
(Gippel et al., 2009; Peñas et al., 2013) and the responses to
changes in flow (Gippel et al., 2009; Peñas et al., 2013; Adams,
2014; Van Niekerk et al., 2019b), both of which are attributable to
a lack of long-term data (Peñas et al., 2013; Van Niekerk et al.,
2019b). Where E-flow strategies have been implemented, they are
usually tailored to individual estuaries and general principles and
lessons learnt have not been synthesised to provide transferability
to other estuary types with different geomorphological or
hydrological characteristics (Taljaard et al., 2004; Peñas et al.,
2013).

Here we seek to address the issue of specificity of E-flow
applications to individual estuaries by considering the major
underlying mechanisms that govern estuarine dynamics. We
avoided focusing on specific resources or ecosystem states
(Van Niekerk et al., 2019b) for the purpose of providing a
general conceptual understanding of how E-flow requirements
vary among estuaries. A critical review of the literature was
undertaken to:

1) Identify key ecological processes influenced by the freshwater
flow regime (hydrodynamics, salinity regulation, sediment
dynamics, nutrient cycling and trophic transfer, and
connectivity),

2) Identify key drivers (rainfall, runoff, temperature, sea level rise
and direct anthropogenic) that generate changes to the
magnitude, quality and timing of freshwater flows, and

3) Propose how direct and indirect anthropogenic alterations to
these key drivers can be mitigated to buffer against the risks of
altered freshwater flows and maintain ecological resilience of
estuaries.

Our synthesis can help guide estuarine catchment
management to define appropriate freshwater flow strategies
and limits of acceptable change in the face of current and
future climate and direct anthropogenic pressures including
climate change.

2 KEY ESTUARINE ECOSYSTEM
PROCESSES

The major processes driving estuarine ecosystems are
hydrodynamics (e.g., water circulation, mixing and flushing),
salinity regulation, sediment dynamics (e.g., sediment delivery,
deposition and erosion), nutrient cycling and trophic transfer,
and hydrological connectivity (e.g., longitudinal and lateral
exchange of water; #1–5, Figure 1). These processes are driven
by the interactions of freshwater flow and tides, which modify the
physical structure of the estuary, biogeochemical transformations
and the behaviour of organisms (Thrush et al., 2013; Belmar et al.,
2019). Variability in physical and biogeochemical process
pathways creates a wide range of ecological niches and unique
patterns of connectivity between them. This supports biodiversity
(Sun et al., 2013; Sun et al., 2015), and many organisms have

evolved life history traits tuned to the wide variations in
physicochemical conditions (Sun et al., 2015; Zhang M. et al.,
2017; Duggan et al., 2019; Izegaegbe et al., 2020).

2.1 Hydrodynamics
Freshwater flows influence the estuary hydrodynamics, i.e., the
circulation of water and associated hydrologic transport and
mixing of constituents (#1 Figure 1; Wolanski and Elliot,
2016). The degree to which flow affects estuarine
hydrodynamics is mediated by the local tidal regime, the
geomorphology of the estuary and local climate, such as the
predominant wind speed and direction (Goodrich et al., 1987;
Scully, 2010). Substantial freshwater flow can destabilise vertical
stratification and ultimately flush out brackish water (Scharler
et al., 2020). Conversely, when freshwater flow is small, it may not
prevent seawater ingress, with freshwater remaining largely intact
as a buoyant overflow above the saline water derived from the
ocean (Ortmann et al., 2011; Cloern et al., 2017). Salinity
stratification, characterised by a salt wedge, is often associated
with a turbidity maximum (#3d Figure 1) and anoxic deep waters
as the density stratification isolates the deeper waters from the
atmosphere and largely negates atmospheric re-aeration (Bruce
et al., 2014; Wolanski and Elliot, 2016). Importantly, there is
enormous variability generated by the mixing of fresh and salt
waters, flows operating at multiple temporal scales (interannual,
seasonal, diurnal, tidal and sub-tidal) and spatial variability from
the furthest marine influence (water level variations or saline
intrusion) to the estuary mouth, often encompassing major
geomorphological changes that both influence, and are
influenced by the estuary hydrodynamics.

The residence time of water in an estuary (inversely related to
the flushing rate, #1 Figure 1) is strongly influenced by freshwater
flow (Wolanski et al., 2006; Huang et al., 2020). It affects the
distribution of salinity, dissolved oxygen and resident organisms,
sedimentation rates of particulates, processing times of nutrients,
contaminants (e.g., toxins, heavy metals) and pathogens, and
contaminant exposure risk to resident organisms (Cottingham
et al., 2018; Clark and O’Connor, 2019; Fonseca et al., 2020).
Residence time can be highly variable across a range of time
scales, from interannual to tidal, and modified by estuarine
morphology.

2.2 Salinity Regulation
The length of an estuary is defined by the furthest point of tidal
influence where saline water penetrates from the mouth upstream
to the point of inflowing freshwater (#2 Figure 1; Kim et al.,
2017). Typically, a longitudinal salinity gradient runs from the
upstream areas where freshwater enters the estuary to marine
conditions at the mouth. Where estuaries receive little freshwater,
this salinity gradient can sometimes be reversed (i.e., an inverse
estuary, where the salinity is lowest at the mouth and increases
with distance upstream; Sheaves, 1996; 1998; Potter et al., 2010).
Varying salinity generated by inflowing freshwater provides a
basis for estuary classification and biological community
composition, as salinity is a key determinant of species
distributions (Doering et al., 2002; Kanaya et al., 2011;
Arthington, 2012; Peñas et al., 2013; Lee and Kuhn, 2019).
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Seasonal changes in salinity driven by variations in freshwater
discharge result in shifts in biological communities (Collocott
et al., 2014), promoting species diversity by controlling dominant
species, such as the mangrove Kandelia obovate in the Tanshui
River estuary, Taiwan, allowing for succession (Shih et al., 2011).
These fluctuations may also facilitate adaptation to highly varying
salinity conditions, promoting species with wide distributions
and competitive advantages (Sheaves, 1998). Important life cycle
events, such as the reproduction and recruitment of fishes,
jellyfish, shrimp, crabs and prawns (Sun et al., 2013; Sun et al.,
2015) and the germination of macrophyte seedlings (Kim et al.,
2013; Kim et al., 2015) are triggered by seasonal shifts in salinity.
Furthermore, these shifts can maintain a greater phytoplankton
biodiversity and promote carbon and nutrient transport via
phytoplankton (Ortmann et al., 2011). Large flow events (e.g.,
10-year or 100-year floods) can benefit estuarine biodiversity,
promoting high phytoplankton productivity as freshwater flows
subside (Steichen et al., 2020), as well as favouring opportunistic
microbenthic species over the incumbent dominant species
(Izegaegbe et al., 2020). However, there are often adverse
effects of large flow events on estuaries (Osburn et al., 2019;
Hu et al., 2020), such as changes to geomorphology and salinity,
which can cause stress to and mortality of organisms through
increased flushing and osmotic stress (Park et al., 2014).

2.3 Sediment Dynamics
The delivery, deposition and erosion of sediments in estuaries
shape their geomorphology (Kench, 1999). Freshwater inflows
transport sediment particulate material to estuaries (#3a
Figure 1) that settles out in areas of low velocity (#3b
Figure 1; Russ and Palinkas, 2020). Settling rates can be
enhanced by flocculation associated with increasing salinity
(#2 Figure 1; Yan et al., 2020). Sediment delivery is important
for building habitat structure in estuaries (#4d Figure 1; Le Pape
et al., 2013; Li et al., 2019). The deposition of fine-grained
particles allows for colonisation by plants (e.g., saltmarsh,
mangroves) and infauna (e.g., polychaetes; Le Pape et al.,
2013; Sottolichio et al., 2013; Sampath and Boski, 2016; Li
et al., 2019; Adams, 2020).

Flow-driven resuspension of particles (#3c and #3d Figure 1)
in addition to tidal currents, wind-induced surface waves and
internal waves scour and erode sediments and sand bars (Adams
et al., 2016b; Lund-Hansen et al., 1999). Flow-induced
resuspension of recently deposited sediments can stimulate
primary productivity and establish an estuarine turbidity
maximum (ETM, #3d Figure 1; Wolanski et al., 2006; Yan
et al., 2021). The ETM can be important for fish species by
providing light contrast needed to detect prey (Hasenbein et al.,
2013) or reducing light to avoid predators during juvenile life
stages (Stewart et al., 2020).

Freshwater flow interacts with marine sediments at the mouth
of estuaries. Turbulent wave action in the coastal surf zone
resuspends sediments which are transported by flood tides and
deposited in the mouths of estuaries, forming sand bars (Webster
2010; Whitfield et al., 2012). Scouring by freshwater flows can
reduce sand bar development and maintain a connection to the
sea (#3c Figure 1; Kjerfve, 1994; Webster, 2010; Whitfield et al.,

2012). An open connection to the sea allows for flushing of
sediments, nutrients and contaminants out of the estuary (Adams
et al., 2020). Scouring of bank sediments (#3e Figure 1) can
facilitate control of invasive macrophytes and maintain channel
width and open water habitat (Belmar et al., 2019).

Sediment delivery, deposition and erosion dynamics are
important processes within estuaries due to their strong
influence on the geomorphology, water quality and habitat
availability, and freshwater flows are critical to their provision.
The delivery of macronutrients, nitrogen (N) and phosphorus (P)
by freshwater flows are similarly important to estuarine
ecosystem functioning.

2.4 Nutrient Cycling and Trophic Transfer
Freshwater flows affect processing rates of materials and energy
flows within estuaries (Vinagre et al., 2011a; Shen et al., 2019).
The mixing of fresh and saline water influences biogeochemical
processes (#4a Figure 1) through controls on elemental
concentrations via geochemical processes (e.g., flocculation,
adsorption, desorption, precipitation, dissolution and redox
fronts) and uptake, storage and transformation by
microorganisms (Jensen et al., 1995; Conley, 2000; Gaonkar
and Matta, 2019).

The dual role of estuaries as carbon sink and source is
mediated by freshwater flows (Gorman et al., 2020; Jutras
et al., 2020). River discharge promotes flushing (#1 Figure 1)
of organic matter to adjacent marine waters which may stimulate
offshore productivity and support commercial fisheries (Shen
et al., 2019). As a carbon sink, estuaries are considered efficient
“filters” that trap and process a large fraction of catchment-
derived organic carbon delivered by inflowing freshwater (#4b
Figure 1) and store carbon in the sediments via burial (#4a and c
Figure 1; Hu et al., 2020; Wu et al., 2020). Primary producers
(#4d Figure 1) take up and store carbon via photosynthesis along
with bioavailable nutrients (Liang et al., 2020). Large vegetation,
such as seagrass beds and mangrove forests, provide long-term
carbon storage through their large standing stock (Thrush et al.,
2013) and is influenced by sediment deposition (#3c Figure 1;
Krauss et al., 2014) and salinity distribution (#2 Figure 1; Krauss
et al., 2014; Riddin and Adams, 2010).

Allochthonous organic matter and nutrients (#4b Figure 1)
are delivered by freshwater flows, stimulating primary
productivity (#4d Figure 1) with flow-on effects through the
food web both within the estuary (#4d Figure 1; Piazza and La
Peyre, 2012; Le Pape et al., 2013; Ruibal-Conti et al., 2013; Dan
et al., 2019; Vinagre et al., 2019) and in the nearshore coastal
environment (Porter et al., 2010; Niemistö and Lund-Hansen,
2019). Productivity is enhanced by flows via a number of
mechanisms. Vertical mixing (#1 Figure 1) can increase the
flux of nutrients from the sediments to the water column,
which can then be redistributed by baroclinic cycling and
transported into offshore coastal waters (Markull et al., 2014).
Conversely, increased water column stratification (#1 Figure 1)
from freshwater inputs can lead to decreased oxygen
concentrations in the lower water layer, leading to increased
fluxes of ammonium from the sediments (#4a Figure 1). These
conditions have been found to stimulate flagellate
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(dinoflagellates, cryptophytes, chrysophytes, prymnesiophytes,
euglenophytes and prasinophytes) production, which has in
turn been suggested to favour trophic transfer to zooplankton
and reduce phytoplankton which dominate under low-flow
conditions (McNaughton, 2018). Low oxygen concentrations
also increase nitrogen and phosphorus cycling rates from the
benthos, which can act as a positive feedback maintaining the
persistence of extensive hypoxia in bottom waters (Conley et al.,
2009; Testa and Kemp, 2012). Enhanced productivity as a result
of catchment-derived nutrient inputs can persist for several
months after flows have receded (Vinagre et al., 2011a;
Vinagre et al., 2011b; Dias et al., 2016).

2.5 Hydrological Connectivity
Hydrological connectivity can be generated by freshwater flows in
two planes; longitudinally (#5a Figure 1) from catchment to
ocean, and laterally from exchanges with intertidal and littoral
habitats, and adjacent wetlands (#5b Figure 1; Duggan et al.,
2019). Longitudinal connectivity is promoted by open mouth
connections to the ocean that allow passage for motile organisms
(Drinkwater and Frank, 1994) which need access to important
estuarine breeding and nursery habitat, such as penaeid prawns
(Duggan et al., 2019) and diadromous fish species (Nordlie, 2003;
Milton, 2009; Pasquaud et al., 2015; Merg et al., 2020; Scharler
et al., 2020), in addition to species which migrate to the marine
environment after spending time in the estuary (Drinkwater and
Frank, 1994; Milton, 2009; Pasquaud et al., 2015).

Lateral connection to intertidal habitats and adjacent coastal
wetlands has benefits for pelagic and intertidal organisms (Clark
and O’Connor, 2019) by allowing accessibility to habitat and food
resources, and stimulating benthic primary production (Vinagre
et al., 2011b; Piazza and La Peyre, 2011; Raman et al., 2020). For
example, in northern Australia, wet-season flows connect habitats
laterally (Waltham et al., 2019), promoting fish larval recruitment
(Godfrey et al., 2017) and stimulating productivity of fisheries
(Duggan et al., 2019).

Freshwater flows facilitate connectivity through resource
provision for terrestrial animals and birds from flow-
stimulated primary and secondary productivity (#5c Figure 1;
Belmar et al., 2019). This links estuaries to habitats further inland
via terrestrial fauna migrations (Kiwango et al., 2015), and to
other ecosystems at local, regional and continental scales via bird
migrations (Buelow and Sheaves, 2015). The habitat
requirements of migrating organisms are often shaped by
freshwater flows (Schrandt et al., 2015). For example, spring
freshwater flows decrease salinity in the Fraser River Estuary,
Canada, enabling development of microalgal biofilms high in
lipids, which are key energy-rich food items for the migrating
western sandpipers (Calidris mauri; Schnurr et al., 2020).

3 DRIVERS OF CHANGE

3.1 Changes in Flow to Estuaries
Climate and direct anthropogenic forcing are changing
freshwater flow regimes in non-uniform ways around the
globe (Haddeland et al., 2014; Greve et al., 2018;

Gudmundsson et al., 2021). Both the flow magnitude (e.g.,
volume) and distribution (e.g., low, average and high flows)
are changing (Gudmundsson et al., 2019). Flow is decreasing
in many river-catchments (Table 1) and generally across regions
(Table 2) due to in-channel engineering structures, over-
extraction and reduced precipitation, whilst increasing in some
rivers and regions due to increased rainfall and reduced snowpack
attributable to a changing climate (Gudmundsson et al., 2019;
Gudmundsson et al., 2021). At the regional scale, the change in
direction of the flow distribution is consistent whereby minimum
flows (minimum and 10th percentile), average flows (mean and
median) and high flows (maximum and 90th percentile) tend to
be either all increasing or decreasing (Gudmundsson et al., 2019).
However, at the catchment scale, variability in the direction of
changes has been observed between flow indices (Douglas et al.,
2000) and the same flow indicator at different parts of the
catchment (Fleming et al., 2020). Recent declines in freshwater
flows have been observed in southern Australia (Zhang et al.,
2016; Huang et al., 2020), the Mediterranean (Haddeland et al.,
2014; Greve et al., 2018), southern Africa (Haddeland et al., 2014)
and southern Asia (Mondal and Mujumdar, 2012). Conversely,
increases have been observed for rivers flowing to the Arctic
Ocean (Durocher et al., 2019), northern Europe (Haddeland et al.,
2014; Greve et al., 2018) northern Asia (Tananaev et al., 2016) and
northern North America (Durocher et al., 2019).

3.2 Changing Hydro-Climatological
Regimes
River flow regimes are largely determined by meteorological
processes (e.g., precipitation from rainfall or snowfall, and air
temperature, which affect snowmelt and evaporation rates; #7a
and b Figure 1), and by human alterations to watercourses (e.g.,
dams and water extraction; Leblanc et al., 2012; Zeiringer et al.,
2018, as well as straightening and channelisation). Urbanisation
affects the volume and quality of river flow from increases in
impervious surfaces andmodification of rainfall-runoff ratios and
water quality (McGrane, 2016; Strohbach et al., 2019; Wałęga
et al., 2019) as well as increases in temperature.

Seasonal peaks in flow (#6 Figure 1) can vary with latitude,
altitude and the degree of river regulation (Haines et al., 1988;
Naiman et al., 2008; Zeiringer et al., 2018). Glacial regimes tend to
be characterised by high summer flow and diurnal peaks from air
temperature increasing glacial melt during the day (Zeiringer
et al., 2018; Durocher et al., 2019). Nival regimes are similar to
glacial regimes but mostly occur in lower altitude areas with
spring peaks of flow in response to glacial melt (Zeiringer et al.,
2018). Pluvial regimes occur in the temperate and arid to semi-
arid zones and tend to be stochastic and unpredictable, associated
with sporadic rainfall events (Naiman et al., 2008) interspersed by
prolonged dry periods (Loik et al., 2004; Bunn et al., 2006; Datry
et al., 2018). The tropics are characterised by distinct wet and dry
seasons (Warfe et al., 2011). Life histories of estuarine organisms
have evolved to allow adaptation to these diverse flow regimes
(Lytle and Poff, 2004).

Seasonal demand for irrigation water, changes in rainfall
distribution and increased glacial melt shift the timing and
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magnitude of peak flow (IPCC, 2014; Rottler et al., 2020). With
climate change, flows are predicted to increase due to greater
rainfall, particularly in high-latitude arctic regions with glacial
and nival hydrological regimes. Flow may be approximately 30%
greater while ice cover may decrease by 50–80% by the end of the
21st century as a result of increased air temperature and reduced
snowfall (Andersson et al., 2015). In contrast, mid-latitude
temperate regions and the wet-dry tropics may experience an
overall drying trend, with a decrease in mean precipitation and
more frequent and prolonged heat waves (Greve et al., 2018).

An increase in global temperature of 0.85°C between 1880 and
2012 has led to greater evaporation and evapotranspiration rates
(#7b Figure 1), reducing the volume of water delivered to
estuaries (Nijssen et al., 2001; IPCC, 2014). Floods and
droughts are predicted to become more severe and frequent
with climate change (IPCC, 2014), altering flows (Gillson and
Suthers, 2012). Storms can potentially deliver the annual average
inflow to an estuary within a day or two (Steichen et al., 2020).
Conversely, droughts significantly reduce flows to estuaries,
causing serious hydrological imbalance (Ibáñez and Caiola,
2013; Brookes et al., 2015; Dittmann et al., 2015; Leterme
et al., 2015). Storms and droughts are intrinsic components of
natural flow regimes and can maintain biodiversity over

evolutionary time scales as organisms adapt to them (Lytle
and Poff, 2004; Naiman et al., 2008). However, they may be
detrimental if their frequency ormagnitude does not allow system
recovery (Thrush et al., 2008). Precipitation and evaporation
interact with the bio-geophysical characteristics of the
catchment (e.g., drainage area, elevation, topography, drainage
network patterns, soil type, soil moisture content, vegetation type
and cover, human land use type and cover) to determine the
volume of runoff or groundwater recharge reaching estuaries
(Ruibal-Conti et al., 2013).

3.3 Sea Level Rise
Sea levels (#8 Figure 1) rose by an average 2 mm/year around the
globe between 1971 and 2010 (IPCC, 2014) but between 1993 and
2012, rates of increase of 8–14 mm/year were recorded in the
western Pacific Ocean, along with the coastal regions of south-
east Asia, eastern Japan and north-eastern Australia (Church
et al., 2013). Western coastlines of North and South America and
parts of the eastern coastline of the United States are less affected
by sea level rise (Church et al., 2013). Sea level rise alters the
geomorphological structure and physicochemical characteristics
of estuaries (Kimmerer and Weaver, 2013; Arellano et al., 2019;
Khojasteh et al., 2021). Seawater is likely to intrude further inland,
particularly where elevation gradients are low and where there are
reductions in freshwater flows (Payne et al., 2019; Khojasteh et al.,
2021). This may threaten freshwater habitat and water for human
consumption (Hong et al., 2014; Haddout and Maslouhi, 2018;
Wang and Hong, 2021). Increased salinity may also increase
density stratification and persistence of salt wedges (Krvavica
et al., 2017), leading to anoxia of bottom sediments and loss of
benthic biota (Kimmerer and Weaver, 2013). Where littoral
structures (e.g., levees) have been erected, intertidal habitat
areas are likely to reduce in size as marine water intrudes up
to these barriers (Colombano et al., 2021; Khojasteh et al., 2021).
This has implications for intertidal species distributions and
associated organisms due to excessive inundation and salinity
(Smith et al., 2009; Payne et al., 2019). These impacts may vary
depending upon the degree of sea level rise, which is non-uniform
globally, although sea level will increase in 95% of the world’s
ocean by 2100 (Church et al., 2013; IPCC, 2014).

3.4 Direct Anthropogenic Drivers
Globally, only a small fraction of catchments, covering a mere
0.16% of the Earth’s surface, are unaffected by human activities,
and few rivers retain natural flow regimes (Vörösmarty et al.,

TABLE 1 | Changes in flow volumes reaching the sea from river-catchments and regions over the past century as a result of climate change and direct anthropogenic
catchment modifications. Multiple volume change values denote a range.

River-Catchment/Region Time period Volume change (%) Flow indicator Source

Arctic Region, Eurasia and North America 1975–2015 +11 to +11.9 Annual mean Durocher et al. (2019)
Colorado River, United States 1896–2018 −20 Annual mean Hoerling et al. (2019)
Iberian Peninsula, Spain 2000–2015 −0.2 to −0.78 per year Annual mean Serrano et al. (2020)
Lena River, Russia 1925–2013 +47 Annual mean Tananaev et al. (2016)
Murray-Darling River, Australia 1895–2006 -59 Annual mean Kingsford et al. (2011)
Peel-Harvey Estuary, Australia 1970–2020 -74 Annual mean Huang et al. (2020)
Yangtze River, China 1950s–2000s -11 Annual Mean Kattel et al. (2016)

TABLE 2 | Significant trends in regional streamflow from around the world,
between 1971 and 2010. Annual flow indices are: mean (mean flow), min
(minimum flow), max (maximum flow), P10 (10th percentile flow volume), P50 (50th
percentile or the median flow volume) and P90 (90th percentile flow volume;
Gudmundsson et al., 2019).

Subcontinental region Annual flow indices
(mean, max, min,
P10, P50 and

P90) showing significant
trend

Trend

Amazon Max, P90, P50 Increasing
Central North America Min, P10 Increasing
East Asia Min, P10 Increasing
Eastern North America Mean, Max, Min, P10, P50 Decreasing
North-east Brazil All Decreasing
Northern Europe All Increasing
Southern Africa Min Decreasing
Southern Asia (Indian subcontinent) Mean, Max, P90 Decreasing
Southern Australia and New Zealand All Decreasing
Southern Europe (Mediterranean) All Decreasing
Western North America Mean, P90 Decreasing
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2010). There are multiple demands for freshwater resources,
reducing water volumes of streams and wetlands (Gillanders
and Kingsford, 2002; Vörösmarty et al., 2010; Abbott et al.,
2019; Dudgeon, 2019). Alterations to watercourses include the
clearing of native vegetation (#9a Figure 1) for agricultural,
industrial and urban land use (#9b Figure 1), and the
development of in-channel structures (#9c Figure 1) to
capture and divert water for irrigation, hydropower and
consumptive use (Bunn et al., 2014). These activities change
the quantity (Vörösmarty and Sahagian, 2000; Alber, 2002;
Kingsford et al., 2011), quality (Liu M. et al., 2019) and timing
of flows (Cai et al., 2019).

3.4.1 Water Diversions and In-Channel Structures
Of the 31% of total global runoff that is accessible to humans,
more than half is either extracted or withheld behind in-channel
structures (Postel et al., 1996). Approximately 60% of the world’s
freshwater storage is behind dams, equating to five times the
volume of the Earth’s rivers (Vörösmarty and Sahagian, 2000).
Dams change the timing and magnitude of flow, and also affect
longitudinal connectivity between catchments and rivers, posing
a barrier to the transport of water, sediment, organic matter and
nutrients, and the upstream and downstream movements of
organisms (Poff et al., 2007; Bunn et al., 2014; Chen et al.,
2016). This is highlighted by the negative impacts of dam
construction for reproduction and abundance of anadromous
and catadromous fishes (Drinkwater and Frank, 1994). Dams
may also cause severe water quality problems through methyl-
mercury (MeHg) production associated with stratification and
anoxia, with MeHg delivered to estuaries on release of water
(Hsu-Kim et al., 2018). Inter-basin transfers, where water is
shifted between catchments, is driven by human water
requirements for agriculture and energy, and exacerbates
changes to the flow regime in both the donor (Micklin, 1988)
and recipient water catchments (Shumilova et al., 2018; Yu et al.,
2018; Dudgeon, 2019). These transfers may also introduce foreign
material and organisms to the donor basin (Yu et al., 2018;
Dudgeon, 2019).

3.4.2 Vegetation Clearance and Land-Use
Modification
In undisturbed catchments, nutrient transport is regulated by the
volume of freshwater runoff and the type and extent of vegetation
within the catchment (Harris, 2001; Adams et al., 2020). The
majority of nutrients exported in freshwater flows are in organic
form (e.g., DON; Conley, 2000; Harris, 2001). However, as
catchments are modified and the vegetation is cleared, nutrient
export increases (Adams et al., 2020) and the ratio of bioavailable
to total nutrients increases (Harris, 2001), with concomitant
changes in nutrient ratios (Conley, 2000). Wide-scale
catchment vegetation clearance and human industrial activities
(e.g., mining) may also be responsible for increased sediment
loads due to soil disturbance (Thrush et al., 2004; Norkko et al.,
2006). Furthermore, rivers are often used for waste disposal
contributing nutrients, contaminants and pollutants from
agricultural, industrial and urban settings (Van Niekerk et al.,
2019a; Gaonkar and Matta, 2019; Robins et al., 2019).

4 RISKS TO ECOSYSTEM FUNCTIONING
UNDER MODIFIED FLOW

Increases in flow (Figure 2), decreases in flow (Figure 3) and
changes to the natural timing of flow (Figure 4) affect estuarine
hydrodynamics, salinity, water quality, biogeochemical cycling
and geomorphology, and alter the suitability of habitat for
resident and migratory organisms that have adapted to the
natural variations of the flow regime (Arthington, 2012; Sun
et al., 2015; Zhang H. et al., 2017).

4.1 Increasing and Decreasing Flows
Long- and short-term increases in flow can lead to changes to
geomorphology from sediment erosion (#1 Figure 2; Park et al.,
2014) and prolonged inundation of intertidal habitat
(#2 Figure 2; Adams, 2020), both resulting in habitat loss.
Elevated flow may transport more sediment, humic substances
and dissolved organic matter (DOC, including chromophoric
components) from catchments (#3 and #4 Figure 2) which act to
reduce light availability (#5 Figure 2) to primary producers
(Andersson et al., 2015; Glover et al., 2019). Excess sediment
may impact benthic fauna through interference with filter feeding
and smothering of larvae (#5 Figure 2; Huang et al., 2016).
Increased allochthonous organic matter and nutrient loading
(#4 Figure 2) can increase heterotrophy in estuaries and
reduce efficiency of food web transfers (#6 Figure 2; Wikner
and Andersson, 2012; Soares and Berggren, 2019). It can also
stimulate primary production which may be assimilated into the
food web increasing productivity, but can also lead to algal
blooms (#7 Figure 2) which compromise water quality and
may reduce dissolved oxygen upon bloom collapse (Woodland
et al., 2015; Claassens et al., 2020; Steichen et al., 2020).
Recruitment and survival of planktonic larvae may be reduced
from excess flushing (#8 Figure 2; Lueangthuwapranit et al.,
2011; Park et al., 2014), which can be exacerbated by breaching of
natural barriers due to increased flow and/or increases in the
frequency and magnitude of storms (#9 Figure 2; Li et al., 2019).

In contrast, flow reductions decrease the delivery of organic
matter and nutrients (#1 Figure 3; Alber, 2002; Alvarez-
Lajonchère et al., 2018), and sediments to estuaries
(#1 Figure 3; Vörösmarty et al., 2003; Liu C. et al., 2019).
Reduced sediment, nutrient and organic matter delivery may
negatively impact the provision of intertidal (#2 Figure 3;
Sottolichio et al., 2013; Adams, 2020) and pelagic (Hasenbein
et al., 2013; Stewart et al., 2020) habitats. The extent of inundation
of intertidal areas is reduced, diminishing the transport of
nutrients, sediments and organisms between pelagic and
littoral habitats and exposing intertidal areas to desiccation
(Adams, 2020). Biological community structure is then
impacted through reductions to primary productivity and
nutrient and energy flow through the food web (#3 Figure 2;
Vinagre et al., 2011b; Clark and O’Connor, 2019). The
hydrodynamics of the estuary are altered through reductions
to vertical mixing and flushing, increasing the retention of
particles with consequent nutrient enrichment, phytoplankton
blooms, dissolved oxygen reduction and pollution problems
(#4 Figure 3; Drinkwater and Frank, 1994; Waltham et al.,
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2013; Cottingham et al., 2018; Scharler et al., 2020). Reduced
flows decrease sediment scouring at the mouth and along the
banks (#5 Figure 3), creating sandbars and a barrier to migration
of fauna (Nelson et al., 2013; Pasquaud et al., 2015), as well as
reducing open water habitat area (Belmar et al., 2019). Reduced
flows also lead to a reduction in the area and volume of the
halocline which is an important region for estuarine productivity
and a breeding area for some fish species, such as black bream
(Acanthopagrus butcheri; Jenkins et al., 2010; Williams et al.,
2012; Williams et al., 2013).

Modified flow regimes alter salinity, whereby flow increases
reduce salinity throughout the estuary and push the salinity
gradient closer to the mouth (#10 Figure 2; Adams, 2020;
Steichen et al., 2020). In contrast, flow reductions increase
estuarine salinity with the intrusion of seawater (#6 Figure 3),
driving the salinity gradient further upstream (Sheaves et al.,
2007; Hallett et al., 2018) and can result in the development of a
reverse salinity gradient and hypersaline conditions from
evaporation in warm, dry climates (Whitfield et al., 2012).
Altered salinity can create barriers to the movement of
organisms, removing access to important habitat and resources
(Romañach et al., 2019; Santos et al., 2019) and can shift the
distribution of species, causing it to contract or fragment (Alber,
2002; Park et al., 2014; Lauchlan and Nagelkerken, 2020). This
can affect population dynamics by increasing the intensity of
competition when distributions overlap (Shih et al., 2011) or by

promoting the expansion of invasive or dominant species (Shih
et al., 2011; Rodríguez-Climent et al., 2013). In some cases,
prolongation of these impacts can lead to local extinctions
(Nicol et al., 2018).

Increasing seawater penetration up the estuary in response to
flow reductions can alter the position of the ETM (#7 Figure 3),
moving it to the shallower upper reaches inhabited by benthic
primary producers where reductions to light availability, in
addition to salinity-induced osmotic stress, decreases growth
and survival (Sottolichio et al., 2013; Robins et al., 2016). This
can impact the organisms which use these areas as habitat, such as
juvenile fish and invertebrates (Zhang H. et al., 2017; Belmar
et al., 2019; Henderson, 2019). Increasing salinity in the upper
reaches may also cause the transition of fringing riparian
woodlands to saltmarshes or mangroves as a result of
prolonged inundation and osmotic stress (Conner and Askew,
1992; Brinson et al., 1995), which can permanently alter estuary
ecosystem structure and function (Brinson et al., 1995).

4.2 Interactive Effects From Climate and
Direct Anthropogenic Drivers
The impacts of long-term changes to flow volumes may be
exacerbated by climate change (Lauchlan and Nagelkerken,
2020). Greater snowmelt (#11 Figure 2) and precipitation
(#9 Figure 2) may act in unison to drive major increases in

FIGURE 2 | Modified estuarine ecosystem processes under long-term increases in flow and/or increases in the frequency and magnitude of large flow events.
Impacts of this flow scenario are: 1) excess sediment erosion, 2) prolonged inundation of intertidal habitat, 3) increased sediment and 4) organic matter and nutrient
loading, 5) reduced light availability and excess sediment impacts on benthic fauna, 6) reduced trophic transfer efficiency 7) algal bloom formation and associated water
quality decline, 8) excess flushing, 10) decreasing salinity throughout the estuary and associated changes to species distribution, and 15) bioaccumulation of toxins
in organisms. Principal drivers of change are: 9) increased rainfall and frequency and magnitude of storms, 11) increased snow melt, 12) sea level rise, 13) large dam
releases and 14) anthropogenic land use modification.
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freshwater flows to high-latitude estuaries (Andersson et al.,
2015). Sea level rise (#12 Figure 2), increased frequency and
magnitude of storms (#9 Figure 2) and large dam releases
(#13 Figure 2) in response to increased precipitation and
snowmelt may act accordantly to exacerbate the impacts of
increased flows (Figure 2), which may be reflected in severe
scouring of sediments at the estuary channel mouth (Riddin and
Adams, 2010; Whitfield et al., 2012).

Conversely, sea level rise (#8 Figure 3) may offset losses from
flow reductions by maintaining an open channel mouth, allowing
for transfer of organisms, nutrients and sediments between
intertidal and pelagic areas (Lester et al., 2013). The
importance of marine-derived organic matter, nutrients and
sediments relative to catchment inputs may affect
biogeochemical activity, impacting estuarine organisms and
food webs as river water is typically more nutrient-rich than
seawater (Statham, 2012). Sea level rise associated tidal incursion
may cause erosion and act with decreasing freshwater inputs to
reduce intertidal habitat (Whitfield et al., 2012; Arellano et al.,
2019). The collective impacts of reductions in rainfall, increased
frequency of drought (#9 Figure 3) and freshwater extraction and
diversion (#10 Figure 3), together with greater saline intrusion,
impact species distributions and can affect drinking water
availability (Kingsford et al., 2011; Romañach et al., 2019;
Wang and Hong, 2021).

Anthropogenic development in estuaries and their catchments
(#14 Figure 2) can act accordantly with climate change to

exacerbate the impacts from increased flows (Hu et al., 2020).
Flooding may lead to overflows of untreated sewage in urbanised
and industrialised areas, increasing contaminant and pathogen
concentrations (Olds et al., 2018). Where there are mining
activities, it may transport large quantities of heavy metals
(e.g., mercury). These metals bioaccumulate in commercially
important fisheries species (#15 Figure 2) to levels exceeding
the limit for human food consumption (Gamboa-García et al.,
2020).

4.3 Changes to the Timing of Flows
Modifications to the timing of flow delivery can have profound
impacts on estuarine processes (Figure 4) with consequences for
species which are adapted to these natural variations (Bunn et al.,
2014; Cai et al., 2019; Izegaegbe et al., 2020). Modified seasonal
flow patterns (#1 Figure 4) interact with temperature (#1a
Figure 4) and the delivery of nutrients, organic matter and
sediments (#1b Figure 4), to alter the hydrodynamics (#1c
Figure 4), salinity (#1d Figure 4), resource availability (#1e
Figure 4), predator-prey cycles and food web functioning (#1f
Figure 4; Hallett et al., 2018; Hamilton et al., 2020). Changes to
the seasonality of flow due to climate change (#2 Figure 4) alters
the timing of bioavailable dissolved nutrient export to estuaries,
particularly where there are high delivery rates of these nutrients
(e.g., agriculturally developed catchments), which can lead to
increased phytoplankton biomass and reduced dissolved oxygen
concentrations (Wagena et al., 2018). This can alter the spatial-

FIGURE 3 | Modified estuarine ecosystem processes under permanent decreases in flow volume and/or increases in the frequency and magnitude of drought.
Impacts of this flow scenario are: 1) reduced delivery of organic matter, nutrients and sediments, 2) losses to intertidal and pelagic habitat structure, 3) reduced nutrient
and energy transfer through the food web, 4) increased residence time with associated water quality decline, 5) reduced sediment scouring, 6) increased salinity and 7) a
shift upstream of the ETM. Principal drivers of change are: 8) sea level rise, 9) reduced rainfall and increasing droughts, and 10) in-channel structures and water
diversions.
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temporal dynamics of phytoplankton blooms and hypoxia
(#4 Figure 4), as observed in Chesapeake Bay, United States,
where spring flows are shifting earlier in the season and
stimulating an earlier onset and upstream shift of the spring
bloom (Testa et al., 2018). Flow increases in warmer, drier,
months (e.g., summer, tropics dry season) due to climate
change and dam operations (#3 Figure 4) increases resource
delivery to warmer estuarine waters (#4 Figure 4; Bunn et al.,
2014; Cai et al., 2019). Under these conditions, phytoplankton
activity becomes greatly stimulated and can lead to persistent
blooms, eutrophication, anoxia and associated physiological
stress for organisms (Hallett et al., 2018). Changes to seasonal
peaks in flow impacts species migratory patterns (#5 Figure 4)
which are often cued to seasonal changes in water chemistry
brought about by freshwater flows (Drinkwater and Frank, 1994;
Saintilan and Wen, 2012). Changes in migration patterns have
consequences for species interactions and food web functioning
(Hallett et al., 2018). For example, changes to the timing of flows
from spring to autumn have been attributed to the decline of the
endangered delta smelt (Hypomesus transpacificus) in the San
Francisco Bay Estuary, United States, due to decreases in the
abundance of its copepod prey. Lower temperatures together with
the presence of a bivalve predator at the time of flow delivery act
to reduce copepod biomass (Hamilton et al., 2020).

In estuaries which intermittently close to the ocean
(#6 Figure 4), sudden influxes of freshwater during warmer
months, when the mouth is closed, can cause a sharp

reduction in salinity, threatening brackish and marine species
that cannot migrate to preferred salinities (Scharler et al., 2020).
Furthermore, these flows can increase the inundation of intertidal
and littoral areas, causing loss of habitat and associated organisms
due to rapid freshwater transitions and physiological stress
(Adams, 2020).

5 STRATEGIES FOR RISK MITIGATION
FROM MODIFIED FLOWS

The flow regime is critically linked to key estuarine ecosystem
processes (Figure 5) that are potentially amenable to restoration
strategies involving changes in flow dynamics. Re-establishment
of key elements of the natural freshwater flow regime is required
to mitigate the multiple and interrelated risks posed to ecosystem
processes. Natural flow regimes typically consist of the following
principal components: low flow (e.g., drought), base flow, inter-
annual to annual peak flow and decadal peak flow (e.g., 10–100-
year flood recurrence). Strategies to achieve this are discussed in
the following sections.

5.1 Estuary Water Requirement
Preceding any ecological restoration actions, it is critical to define
desirable physical, chemical (e.g., salinity) and biological (e.g.,
habitat availability, species migrations) conditions to support the
suitable estuarine ecosystem processes and function outlined in

FIGURE 4 | Modified estuarine ecosystem processes under alterations to the timing of flows. Impacts of this flow scenario are: 1a–f) effects of modified seasonal
flow patterns on a) water temperature, b) sediment, nutrient and organic matter inputs, c) hydrodynamics, d) salinity, e) food webs and f) biological community
composition. This can cause 4) increased nutrient availability, phytoplankton blooms and eutrophication, 5) altered connectivity dynamics affecting migratory patterns
and biological community functioning, and 6) altered mouth scouring and associated impacts upon migration of organisms, salinity and intertidal flooding regimes.
Principal drivers are: 2) modified weather patterns as a result of climate change and 3) the presence and operation of in-channel structures.
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FIGURE 5 | Conceptual hydrographs displaying the effects of varying flow components (low flow, base flow, inter-annual to annual peak, decadal peak and post
peak) of the freshwater flow regime on the functioning of the key ecosystem processes: hydrodynamics and salinity regulation (A), sediment dynamics (B), and nutrient
cycling, trophic transfer and connectivity (C).
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Figure 5 (Perry and Hershner, 1999; Kiwango et al., 2015; Hallett
et al., 2018). Often, the above criteria can be defined
quantitatively using water quality characteristics which serve
as a basis for assessing the attainment of designated uses and
measuring progress toward meeting goals (Tango and Batiuk,
2013; Zhang et al., 2018). The flow regime required to deliver
desired conditions has been referred to as an estuary’s water
requirement (Adams et al., 2002) and needs to account for
volume (amount) and intra-annual and inter-annual variability
over the estuarine domain (Peñas et al., 2013; Zhang H. et al.,
2017; Van Niekerk et al., 2019b). Once desirable conditions are
defined, freshwater flow volumes can be linked through
approaches such as expert opinion, or statistical or
deterministic models to a given preferred physical state [e.g.,
salinity, nutrient, dissolved oxygen, water depth and mouth
morphology (closed/open)] and the presence and abundance
of desired organisms.

A guiding principle behind past estuarine water requirement
determination methods has been to return as far as practicable to
pre-regulation flow regimes without disrupting societal function
(Acreman et al., 2014). However, under global climate change,
modifications to the freshwater flow regime and its influence on
estuarine processes are inevitable (IPCC, 2014) and constraining
future flow regimes to historical targets can be not only
counterproductive, but incorrect, as it is necessary to consider
natural changes inherent to each system in addition to global
climate change (Acreman et al., 2014; Poff, 2018). Reference
conditions by which E-flow targets are determined are not static
(Poff, 2018) and may require non-stationary target conditions as
systems change and new reference conditions emerge
(Arthington et al., 2018; Poff, 2018). Ideally, research and
monitoring can be used to define limits of acceptable change
for site-specific system attributes (e.g., salinity timing and
concentration thresholds for fish recruitment or light
thresholds for seagrass growth). Monitoring programmes are
then required to support this approach, enabling qualitative
and quantitative measures of change (Claassens et al., 2020).

5.2 Modelling the Natural Flow Regime
Models are key tools to assist with understanding, planning for,
and mitigating impacts from rapid environmental change. For
estuaries, process-based models have been proven to be
particularly useful for exploring a range of flow regimes,
including reference conditions, target hydrological conditions
and extreme events (Beilfuss and Brown, 2010; Van Niekerk
et al., 2019b). Most models focus on simulating the prevailing
hydrodynamics and thermodynamics (Duarte et al., 2014;
Biguino et al., 2021), fewer examine geomorphological
evolution (Deng et al., 2017), and even fewer consider
ecological states (Panda et al., 2015; Weng et al., 2020). As
flow volumes to estuaries are naturally stochastic (Gillanders
and Kingsford, 2002), model simulations need to include a range
of relevant temporal variations that conform to the historical and
future variance distribution in terms of flow exceedance
likelihoods (Beilfuss and Brown, 2010; Van Niekerk et al.,
2019b). Model outputs can then be used to define
physicochemical or biological states for different flow regimes

(Peñas et al., 2013; Van Niekerk et al., 2019b). For fully coupled
hydrodynamic-ecological models, different flow scenarios have
been developed to consider factors leading to adverse water
quality outcomes, such as cyanobacteria blooms (Robson and
Hamilton, 2004) and hypoxia (Huang et al., 2018). These
mechanistic models can help to optimise biodiversity under
altered flow regimes and look for new opportunities (i.e., novel
flow regimes) to promote resilience (Hipsey et al., 2015; Tonkin
et al., 2021).

A long-standing example is the coupled watershed-estuary
model of Chesapeake Bay which has been in continuous
operation since 1982 (Shenk and Linker, 2013). The
Chesapeake Bay Program Partnership has been developing,
updating, and applying a complex linked system of watershed,
airshed, and estuary models which is used as a planning tool to
inform strategic management decisions and restoration efforts.
The model has been attributed to playing a crucial role in
pollutant load reductions, reduced anoxic “dead zone” volume
and increased submerged aquatic plant cover in the bay (Hood
et al., 2021).”

Long-term datasets are essential for ecohydrological
simulations to provide key boundary condition and within-
domain validation data, and develop confidence that the
model captures the dominant processes which drive estuarine
ecosystem functioning (Adams et al., 2016a; Van Niekerk et al.,
2019b; Claassens et al., 2020). Monitoring needs to occur at time
and space scales that are relevant to model input requirements
(Adams et al., 2016a). Most of our current models are challenged
by lags and hysteresis relationships that exist between flow and
biological responses and further efforts are required to prove the
current generation of models are fit for purpose in this regard
(Hipsey et al., 2020). Ultimately, models can then be used to
quantify the risks associated with a given pattern of water delivery
in terms of likelihood of crossing the limits of acceptable change.

In estuaries where there are sparse observation networks and
limited data, E-flow requirements may be difficult to define
(Adams, 2014). For such cases, rainfall-runoff models can be
used to simulate hydrological data from within the catchment, or
nearby catchments may be used to infer relationships between
rainfall and runoff (Van Niekerk et al., 2019b). Where long-term
physicochemical or biological data is missing, recent or current
salinity data can be used as an indicator or proxy for the
relationship between freshwater inflow and the functioning of
estuaries, due to the transferability of salinity effects to multiple
ecosystem elements (Peñas et al., 2013).

5.3 Dam, Agricultural and Wastewater
Operations to Benefit Environmental Flows
Throughout the globe, dam construction has impaired the natural
flow regime, with significant consequences for river and estuarine
ecosystem functioning (Poff et al., 1997). Typically, there are
multiple stakeholders and competing objectives for water (e.g.,
hydrological power, water supply) and releases from dams will
differ to the natural flow regime in terms of volume and timing
(Richter and Thomas, 2007; Watts et al., 2011). However, there
are opportunities to modify the operation of dams to work
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towards restoring natural flow regimes (Bednarek and Hart, 2005;
Richter and Thomas, 2007; Morais, 2008; Watts et al., 2011) or
design “novel” flow regimes (Tonkin et al., 2021) to prioritise the
characteristics of the flow regime which supply the most
ecological benefit. Richter and Thomas (2007) proposed a six-
step framework for planning and implementing dam re-
operation involving: 1) the assessment of dam-induced
alterations to the flow regime compared to pre-dam flows, 2)
describing the ecological and social consequences of modified
flows due to dam operation, 3) specifying goals (e.g., targeted
flows for ecological outcomes) for re-operation, 4) designing re-
operation strategies to achieve goals, 5) implementation of
strategies and 6) assessing results against goals.

Water consumption from irrigation can be reduced through
improvements to infrastructure and on-farm irrigation
technology, and by establishing legislation that requires
acquisition of licenses or permits, and sets allocation limits to
the volume of water extracted and the number of irrigators in a
catchment (Gippel et al., 2009). Effective monitoring and
enforcement are necessary to administer these measures
(Adams et al., 2020). Additionally, in estuaries and catchments
with intense agricultural production, alternative farming
practices can be introduced to reduce the use of fertilisers,
herbicides and pesticides, for example by balancing fertiliser
use with plant requirements and adopting integrated pest
management strategies to decrease nutrient and contaminant
loads (Olsen et al., 2006; Claassens et al., 2020).

In estuaries and catchments with urban development, storm
water management can be improved by increasing permeable
surface area and implementing alternative solutions, such as rain
gardens, to reduce excessive flow peaks, nutrient loads, toxins and
species invasions (McGrane, 2016). Increasingly, large-scale areas
are being targeted to reduce impervious surfaces and flood risks in
what has been termed “sponge cities” (Zevenbergen et al., 2018).
Improved infrastructure to effectively treat and recycle
wastewater can also reduce nutrient and contaminant loads.
This requires effective governance through routine monitoring
and compliance (Claassens et al., 2020).

5.4 Complementary Restoration Strategies
The implementation of strategies to determine and deliver the
most suitable E-flows alone may not address all of the threats to
estuarine processes. Non-flow related environmental factors,
such as various land use practices (e.g., vegetation clearance),
sediment modification (e.g., infilling, dredging), pollution and
invasive species proliferation, may also challenge the ecological
health of estuaries (Dias et al., 2016; Roebig et al., 2017; Poff,
2018). Consequently, other strategies may be necessary to restore
degraded estuaries and complement environmental flow
management strategies.

Artificial modifications to the geomorphology of an estuary,
such as dredging, may be used as a restoration method (Whitfield
et al., 2012; Park et al., 2014; Belmar et al., 2019). Where
prolonged reductions in freshwater inflows have occurred and
the mouth of an estuary is constricted, it may be necessary to
artificially breach the sand bar (Adams et al., 2016a). This enables
connection to the ocean, flushing of pollutants, return of marine

water incursions and passage for species migrations (Whitfield
et al., 2012). However, artificial breaching and channel
modification may have contrasting effects as a result of
physicochemical disturbances due to the increase in flushing
and subsequent tidal influx (Schallenberg et al., 2010),
expelling large numbers of hyperbenthic macroinvertebrates
into the ocean (Lill et al., 2012) and causing macrophyte die-
off due to water level decline and osmotic stress (dos Santos and
Esteves, 2002; dos Santos et al., 2006). Subsequent decomposition
of the dead macrophyte material can result in nutrient
enrichment (dos Santos et al., 2006), negating the benefits to
eutrophication from increased flushing. Prior understanding of
estuary specific factors (e.g., geomorphology, degree of tidal
incursion, presence/absence of macrophytes and benthic
fauna) that influence the natural mouth opening regime is
critical to artificial geomorphological restoration works
(Schallenberg et al., 2010).

Conversely, artificially infilling a naturally opened barrier may
also be used as a conservation strategy (Park et al., 2014). For
example, in Mobile Bay, United States, Hurricane Katrina
scoured a new channel to the ocean by cutting Dauphin Island
in two. The increased salinity and flushing in the bay negatively
impacted resident biota, in particular a large oyster population. In
response, infilling the breach in Dauphin Island improved
estuarine conditions with subsequent increases in oyster
abundance (Park et al., 2014). However, it is important to
note that artificially changing the geomorphology of estuaries
may have negative consequences for ecological health, often not
evident in short term assessments and implementation (Widdows
et al., 2007; Belmar et al., 2019).

Artificial structures, such as barriers, levees and sea walls,
can be used to manage increasing tidal incursions and protect
shorelines from increased wave and tidal energy due to sea level
rise (Koraim et al., 2011). Barriers, such as locks and gates, can
be used to manage tidal flow and provide protection against
tidal flooding, and have been operational in the River Thames
Estuary, United Kingdom, since the 1980s (Lavery and
Donovan, 2005). Levees and sea walls provide
geomorphological protection by fixing the shoreline in place
and are widely used in estuaries around the world (Koraim et al.,
2011). These structures can be implemented in conjunction
with intertidal and littoral habitat restoration to enhance
shoreline protection from erosion and flooding (Pinto et al.,
2018). However, shoreline protection structures are expensive
to erect and maintain, are susceptible to damage from large
storm events, can alter erosion/deposition dynamics and tend to
not be as effective as natural shorelines at attenuating wave and
tide energy (Koraim et al., 2011). In addition, they can pose a
barrier to lateral connectivity and cause intertidal and littoral
habitats to retract in response to changes in distribution as a
result of sea level rise induced salinity alterations (Colombano
et al., 2021; Khojasteh et al., 2021).

Artificial oxygenation may be used to locally negate the
negative impacts of low dissolved oxygen in the bottom waters
of vertically stratified and eutrophic estuaries, and in regions
upstream of weirs that restrict saline intrusion (Huang et al.,
2018; Larsen et al., 2019). Artificial oxygenation is an engineering
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measure to supply oxygen generated mechanically to anoxic or
hypoxic bottom waters, aerating the water and increasing redox
potential at the sediment-water interface to reduce sediment
nutrient release (Toffolon et al., 2013). This technique has
been more commonly used in deep freshwater lakes and
reservoirs (Gantzer et al., 2009; Toffolon et al., 2013), but was
successfully applied to shallow freshwaters upstream of the Swan
River Estuary, Perth, whereby dissolved oxygen concentrations
increased immediately in the water column post installation, with
improvements after several days at the sediment-water interface
increasing oxygen fluxes into the sediment (Larsen et al., 2019).
Previous attempts to address deoxygenation in the salt wedge
region of the Swan River Estuary were undertaken through
artificial destratification by application of bubble plumes to
mix surface and bottom waters (Hamilton et al., 2001).
Despite generating complete vertical mixing, this prototype
was not extended to full scale because of its localised influence
(30 m radius around the bubble plume) and inability to
extend over tidal excursions (Hamilton et al., 2001).

5.5 Holistic Management
Holistic catchment-to-coast management and restoration
planning is critical to mitigate the risks from the drivers of
change (Gippel et al., 2009; Watts et al., 2011; Arthington
et al., 2018; Stewardson and Guarino, 2018; Van Niekerk et al.,
2019a). A holistic approach aims to address the water
requirements of the entire river-catchment ecosystem,
including principal and tributary river channels,
groundwater, floodplains, lakes, estuaries and near-shore
marine ecosystems (Arthington et al., 2003). Environmental
flow delivery needs to be intertwined with other strategies,
such as nutrient management and climate adaptation, and a
holistic assessment must consider the consequences of water
releases, such as increasing nutrient loads and productivity
which can potentially lead to eutrophication where flushing is
not adequate.

Stakeholders play an integral role in the definition and
execution of environmental flow targets as reliable knowledge
of environmental conditions, both past and present, can be
contributed by scientific and non-scientific groups (Olsen
et al., 2006). However, difficulties can arise in achieving the
appropriate balance of flow delivery as there is often a large
number of stakeholders with varied, and sometimes opposing,
motivations and desired outcomes for E-flow targets (Gippel
et al., 2009). Holistic catchment management requires sound
understanding of the knowledge and interests of the many
relevant groups (e.g., individuals, local communities,
organisations, government agencies, private enterprises)
and good communication, including the discussion of the
consequences of potential courses of action to seek consensus
and enable E-flow targets to be met (Olsen et al., 2006; Watts
et al., 2011). This may require trade-offs and targeted
restoration of the processes within estuaries that provide
the greatest benefit for desired outcomes (e.g., increased
biodiversity, improved water quality; Van Niekerk et al.,
2019a).

Despite potential communication and motivational
limitations, holistic management is achievable. This is
highlighted by a long-standing holistic management system in
Chesapeake Bay, United States where the Chesapeake Bay
Program, a partnership including six states (Virginia,
Maryland, Pennsylvania, West Virginia, Delaware and New
York), the district of Columbia and hundreds of federal, state
and local government agencies, academic institutions and not-
for-profit organisations, formed in 1983 to guide and foster
restoration of Chesapeake Bay and its catchment (Hood et al.,
2021).

Given the rate of climate change and human impacts, long-
term changes to estuarine ecosystem structure and functioning
are inevitable (Arthington et al., 2018; Lauchlan and Nagelkerken,
2020). Environmental flows and restoration of estuaries need to
build resilience and buffer against the impacts enabling
organisms and ecosystems to adapt (Sun et al., 2013).

6 CONCLUSION

Knowledge of freshwater flow regimes to support fully functional,
healthy estuaries is still lacking compared to river and floodplain
ecosystems. Key estuarine ecosystem processes that are mediated
by freshwater flow regimes are hydrodynamics, salinity
regulation, sediment dynamics, nutrient cycling and trophic
transfer, and connectivity. These processes promote estuarine
biodiversity and support a wide range of ecosystem services, but
are threatened by changes to the magnitude and timing of flows as
a result of climate change and direct anthropogenic stressors.
Mitigation of these stressors can be achieved through a number of
strategies: defining desired physical and biological conditions
based on non-stationary target conditions, using numerical
models to simulate flow scenarios to predict the flows required
to produce desired conditions, modifying dam, agricultural and
wastewater operations to help to deliver these flows, performing
restoration strategies to complement flow delivery, and managing
E-flows holistically from catchment to coast and balancing the
needs of various stakeholders. By focusing on the ecosystem
processes influenced by the freshwater flow regime, we provide
greater transferability of E-flow requirements amongst estuaries.
Transferability of concepts around the ecology of complex
systems such as estuaries is difficult. We believe this synthesis
has drawn out the key concepts related to the effects of flow on
estuaries and presented them in a generally transferable way. This
review can help guide estuarine catchment management to define
appropriate freshwater flow strategies that provide resilience to
the impacts of current and future climate and direct
anthropogenic pressures.
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