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Abstract: The science needed to inform management of environmental flows to temporarily closed
estuaries and coastal lagoons is decades behind the state of knowledge for rivers and large embay-
ments. These globally ubiquitous small systems, which are often seasonally closed to the ocean’s
influence, are under particular threat associated with hydrologic alteration because of changes in
atershed land use, water use practices, and climate change. Managing environmental flows in these
systems is complicated by their tight coupling with watershed processes, variable states because
of intermittently closing mouths, and reliance on regional scale sediment transport and littoral
processes. Here we synthesize our current understanding of ecohydrology in temporarily closed
estuaries (TCEs) and coastal lagoons and propose a prioritized research agenda aimed at advancing
understanding of ecological responses to altered flow regimes in TCEs. Key research needs include
agreeing on a consistent typology, improving models that couple watershed and ocean forcing at
appropriate spatial and temporal scales, quantifying stress–response relationships associated with
hydrologic alteration, improving tools to establish desired conditions that account for climate change
and consider cultural/indigenous objectives, improving tools to measure ecosystem function and
social/cultural values, and developing monitoring and adaptive management programs that can
inform environmental flow management in consideration of other stressors and across different
habitat types. Coordinated global efforts to address the identified research gaps can help guide
management actions aimed at reducing or mitigating potential impacts of hydrologic alteration and
climate change through informed management of freshwater inflows.

Keywords: environmental flows; ecohydrology; estuary function; water resources management

1. Introduction

The risk to estuarine habitats and the underlying processes that support them from
alteration of freshwater inflows is growing as a result of increasing competition for freshwa-
ter resources and power generation, and because of hydrological changes associated with
climate change and land use practices. The growing risk, accompanied by the complex
and contentious nature of water resources management decisions, increases the urgency
for developing scientifically robust and defensible assessments of the environmental flow
needs of estuaries.

The 2018 update to the Brisbane Declaration on Environmental Flows revised the
definition of environmental flows to explicitly recognize “the critical linkages between
freshwater and estuarine ecosystems and the human livelihoods and well-being that
depend on these ecosystems” and include estuaries as vital component of environmental
flow management [1]. In summarizing a special issue devoted to environmental flows,
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Arthington et al. [2] recommended the inclusion of additional waterbody types, such as
estuaries and other coastal ecosystems as a key element in advancing the management of
environmental flows.

Environmental flows studies in estuarine environments pose unique challenges be-
cause of the spatial gradients and temporal variability associated with the combined
influence of fluvial and oceanic inputs [3]. Riverine (fluvial) inflows influence the physi-
cal environment of the ecosystem in terms of water chemistry, stratification and mixing,
water level and habitat structure/diversity, temperature and exchange with the marine
environment. Riverine inflows also influence geomorphological features such as sand
bars, channel structure and the opening and closing of the estuary’s entrance [4,5]. Ma-
rine (oceanic) inflows similarly influence water chemistry, stratification and mixing, and
provide the predominant control of water level, temperature, residence time and flushing
by controlling the morphology and opening of the estuary mouth associated with littoral
sand deposition and wave action on the mouth berm [6]. Hydrologic change can alter the
prevailing physical environment in the estuary with implications for flora and fauna, such
as cues for migration, life history processes and recruitment [4,7].

As some of the most impacted environments on earth, estuaries can benefit greatly
from the application of environmental flow science. However, the development of methods
to address the environmental flow needs of estuaries has lagged behind the development
of methods for rivers [8]. Efforts that have occurred have focused on large estuaries
such as Bay of Bengal, Puget Sound, Galveston Bay, California Bay-Delta [9–12]. Less
effort has focused on smaller temporarily closed estuaries (TCEs) and coastal lagoons.
These resources comprise the vast majority of coastal estuaries and lagoons worldwide
and provide many ecosystem functions [7,13]. Moreover, these systems, because of their
relatively small size, are under particular threat because of the combination of changing
water use practices in coastal watersheds, climate change, and the effect of other stressors,
such as pollutant or nutrient input.

Recently, several authors have proposed frameworks for assessing ecological flows
in estuaries [14,15]. These frameworks provide an important starting point for advancing
the field of estuarine ecohydrology, but at the same time begin to highlight key knowledge
gaps that need to be addressed in order to fully advance development of environmental
flow programs for TCEs. Temporarily closed estuaries are referred to by many different
names and occur worldwide but are prominent in Mediterranean climates such as those
found in southwestern North America, northern South America, western and southern
Africa, Australia and New Zealand where they comprise a large proportion of the estuarine
habitat [6,16,17]. Developing a consensus research framework for addressing key knowl-
edge gaps important for informing management decisions will foster collaboration and
information sharing that can advance protection and restoration of these systems globally.

Building on discussions from an international special session at the 2019 Coastal
and Estuarine Research Federation Annual meeting, we outline research priorities for
advancing the science and practice of environmental flow management for estuaries. Our
goals are to summarize the status of the science and articulate knowledge gaps that if filled
would facilitate informed management decisions.

2. A Framework for Establishing Research Priorities

Flows necessary to support healthy estuaries can be based on many assessment
and management endpoints including intact biological communities, natural physical
processes, or cultural/societal uses and values. Here, we expand on a framework developed
by Van Niekerk et al. [18] for establishing ecological flow requirements in estuaries to
consider both ecological and social/cultural needs. The framework is used to highlight key
knowledge gaps and research needs necessary for advancing environmental flow programs
for TCEs. The Van Niekerk et al. [18] framework provides seven basic steps to establish
flow requirements for estuaries in South Africa:

1. Simulation and interrogation of hydrological data (natural, present and future);
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2. Zonation of the estuary into a functionally homogenous area;
3. Identification of characteristic physical states;
4. Evaluation of temporal (annual/seasonal) distribution in physical states;
5. Prediction of biotic responses to flow changes;
6. Definition of present and setting desired condition;
7. Allocation of environmental flow requirements

Establishing environmental flow requirements for TCEs globally, requires expansion
of the Van Niekerk et al. [18] framework to provide additional specificity on ocean vs.
watershed driven hydrology and on the relationships between estuary state, bio-physical
process, and ecological function (Figure 1). Temporary closed estuary process and function
is tightly coupled to both ocean and watershed forcing of flow and sediment; development
of ecological flow requirements calls for an understanding of the relationship between
these two forces and how the balance of forcing may be affected by changes in freshwater
inflows. Similarly, additional research is needed on the relationship between changes in
freshwater inputs and ecological functions and how those changes may influence desired
conditions and decisions regarding environmental flow requirements. Finally, development
of environmental flow requirements requires consideration of monitoring and adaptive
management strategies that can be used to gauge how successful allocated environmental
flows are at providing and sustaining functions, and to trigger adaptive management
actions when necessary. The revised framework shown in Figure 1 provides a conceptual
model to guide future research priorities necessary to inform development of environmen-
tal flow requirements. In this paper, we elaborate on this conceptual model by suggesting
refinements of existing typologies to better capture short and long term variability of in-
flows to TCEs, discussing key watershed and marine drivers that affect hydrologic change,
evaluating stressors that influence hydrologic alteration and associated TCE functions,
relating potential hydrologic alteration to expected management outcomes from both
ecological and social perspectives, and proposing an enhanced monitoring and adaptive
management framework. For each section, we summarize knowledge gaps and research
needs. We conclude by rating research needs based on four factors and proposing the
highest priority research needs that would advance management of environmental flows
in TCEs.
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Figure 1. Framework for establishing ecological flow requirements. Key research gaps exist for
understanding how climate forcing and estuary typology affect ecological functions and inform
desired conditions, monitoring and adaptive management.

3. Estuarine Typology and Classification

In general terms, an estuary is where a river meets the ocean and is influenced by
both tidal range and freshwater inflow. However, under such a broad description, estuary
types vary, the classification of which has been a matter of debate over time [19]. This
paper focuses on smaller TCEs, characterized by low a tidal range (<2 m, [20–22]) and
typically having constricted mouths that exhibit limited flushing and long residence times
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of water [23,24], causing them to be highly sensitive to changes in freshwater inflow. These
systems are open to the ocean, sometimes nearly permanently, often temporarily with the
duration and frequency of mouth closure a vital dynamic of estuary function. Temporarily
closed estuaries are dominated by freshwater inflow (but also influenced by wave action
and tides), and because of seasonal and/or low precipitation can form sand bars (or berms)
that restrict tidal influence and create lagoons and lakes. In arid portions of the world,
these systems may become hypersaline and provide unique sets of ecological functions.

The relationship between hydrologic forcing and ecological function varies based on
the physical structure, size, coastal orientation, land-sea connection and state of an estuary.
The degree to which hydrologic changes have the potential to affect zonation and mixing
processes (and in turn estuary functions) will vary based on estuary type. Step 3 of the Van
Niekerk et al. [18] framework involves identifying physical states of the estuary based on
the occurrence and distribution of functionally homogenous zones and typology. These
states influence hydrodynamics (e.g., floodplain inundation, connectivity, residence time),
sediment deposition patterns, and water chemistry (e.g., salinity, dissolved oxygen), which
can then be used to inform relationships between freshwater inflow patterns and desired
biotic response. Typologies should account for general estuary structure, internal zonation
patterns and status over multiple temporal scales (based on mouth closure status, climate,
recent disturbance, etc.). Consideration of ecological response to magnitude, timing, and
duration of inflows is an important first step in establishing desired environmental flow
requirements for estuaries. The typology should be robust enough to accommodate the
characteristics of individual systems. Ideally, such a typology should also relate to the
International Union for Conservation of Nature’s (IUCN) Global Ecosystem Typology (GET)
for the Freshwater-Marine Realm (Level 1) and Transitional Waters Biome (Level 2), which
is promoted for the IUCN red listing of ecosystems, reporting of Sustainable Development
Goals 6 (SDGs), and Ecosystems Accounting processes [25]. However, this high-level
typology only recognizes three types of estuary functional groups—deep-water coastal
inlets, permanently open riverine estuaries and bays, and Intermittently closed coastal
lagoons. Important types such as estuarine lakes/intermittently closed and open lakes and
lagoon (ICOLLS), polar estuaries and hypersaline types are omitted from this classification,
potentially making it impossible to report/disaggregate deteriorating conditions related to
hydrologic change for a complete set of estuary types at a global level.

Estuary classification systems vary based on their intended applications. Classifica-
tions intended to support decisions about resilience to climate change may prioritize the
role of catchment geology and climatic setting in controlling estuary structure and func-
tion [16]. Classifications intended to help evaluate susceptibility to pollutant effects may
focus on estuary morphology and include factors that influence residence time, tempera-
ture, and salinity [26]. Whereas classifications aimed at assessing conservation significance
often includes measures of catchment properties, hydrodynamics and estuary morphol-
ogy [27,28]. A few systems aimed at inventory, mapping and general planning attempt to
integrate water column, geology, substrate and biotic components into an overall classifica-
tion system (e.g., the U.S. Interagency effort Coastal and Marine Ecological Classification
System (CMECS)).

To be useful in guiding environmental flow requirements for TCEs, a classification
system should emphasize the role of physical and hydrological factors that control mor-
phology and ecological response in small to medium sized systems. Such systems tend to
be heavily influenced by watershed characteristics and process, such as rainfall, catchment
geology and associated sediment supply [29]. Most existing classifications are based on
some combination of watershed characteristics and runoff patterns, tide or wave energy,
and estuary basin size and morphology. Roy et al. [30] classified Australian estuaries into
four basic types; open embayments, drowned valley (tide dominated estuaries), barrier
(wave dominated estuaries) and intermittent estuaries, based on their geologic forma-
tion processes, depositional environment and maturity. Ryan et al. [13] expanded the
Australian estuary classification to seven classes based largely on the balance of forcing
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from waves, tides, and rivers. Classifications that focus on temporarily closed estuaries
include aspects of mouth position, state, and composition [6,31]. South Africa recently
reclassified its estuaries to reflect greater sensitivity to pressures; the new classification
reflects estuary size, mouth state, geomorphology/shape, tidal amplitude, salinity regime,
typical mixing processes, sediment stability, and relative catchment flows (mean annual
runoff) [32]. Similar to McSweeney et al. [6], the updated classification strives to increase
resolution for the large number temporarily closed estuaries occurring along this diverse
South African coastline.

Very few (if any) classification systems couple overall estuary structure with state
relative to patterns in season or interannual forcing. Changes in littoral sand input, fluvial
forcing, and sediment supply can affect mouth condition, residence time, water chemistry
and biological community structure over time periods ranging from annual to decadal. This
pattern of varying hydrologic function and ecological services as a function of estuary state
was observed by Clark and O’Connor [17] in their investigation of intermittent estuaries
along the California (USA) coast. Jacobs et al. [31] provides one of the few classification
systems that account for temporal dynamics by using geologic origin, exposure to littoral
process, watershed size and runoff characteristics as the basis of a conceptual model
that predicts likely frequency and duration of estuary mouth opening. Their system also
includes general management recommendations related to both estuary class and status.

Advancing a classification system to inform ecological flow requirements for estuaries
should build on past efforts by addressing the following research objectives:

• Directly relate estuary classes or types to susceptibility of changing inflow patterns
including aligning with hydrologic regimes with ecological response across different
points of the annual and interannual hydrograph;

• Include a consideration of the role of groundwater discharge in the function of certain
estuary types;

• Use the classification system to directly relate physical drivers to biological response
variables and identify key knowledge gaps in the physical- biological linkages;

• Identify flow management measures that may be most important to different estuary
classes/types.

4. Drivers and Forcing Factors: Considerations for Evaluating Hydrologic Changes

The driving forces affecting estuary function can be grouped into those of watershed
origin (river inflow) and those of a marine origin (waves and tides). This also aligns with
the classification of estuaries based on the influence of wave, tide and river energy [33–37].
Critical research gaps exist in our understanding of both individual forcing factors and in
how the two interact to affect estuary function (Figure 1). Sensitivity to flow modification
can be discerned based on the relative dominance of tides, waves, and river flow [5]. At
the extremes, an estuary can be considered a tidal embayment, a back-barrier wetland, or a
river-dominated outlet with little marine influence. Most estuaries also change between
physical states in response to changes in the key forcing parameters driven by seasonal
cycles in the ocean and watershed. Physical states are typically associated with forcing
parameter dominance, e.g., closed mouth conditions are associated with high wave forc-
ing. While marine-dominated or brackish systems are at least partially forced by tidal
action [38,39].

4.1. Watershed Forcing

River inflow is a major factor that maintains open mouth conditions in wave-dominated
TCEs [15,18]. It is often the only driving force that maintains the mouth in the open state
as tidal flows are limited as a result of constricted mouths and small surface area. These
systems are very sensitive to stream flow reduction and a small change in runoff can modify
the period of mouth closure [40,41]. Permanently open estuaries, especially those along
macrotidal coasts, are less sensitive to flow reduction, because the runoff and/or tidal flows
are high enough to maintain open mouth conditions throughout the year, even during
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drought periods. However, changes in river inflow may influence even their longitudinal
and vertical salinity structure and other mixing processes.

Quantifying relationships between changes in river inflow and estuary state and
function is often challenged by data limitations. Measured or modeled hydrological time
series need to be as long as possible to capture variability in flow and the magnitude and
duration of extreme events such as droughts and floods. This is particularly important for
temporarily closed estuaries, where, understanding the connection between changes in
flow and biological response may be confounded by substantial lags (>4 weeks) associated
with high water retention times. The greater the flow variability, the longer the record needs
to be, especially where there is significant variability within seasonal flows and between
years [42,43]. Historically hydrological models were developed to identify opportunities
for water resource development. Following engineering principles little effort was made
to accurately predict low flows as they generally make up a small component of the
mean annul runoff (e.g., <20%) and are technically challenging to predict in data poor
environments [43,44]. However, as the science of environmental flows has been evolving, a
range of important flow components that influence estuary function have been identified
that need to be accurately determined for inclusion in environmental flow assessments
(Table 1). These key aspects of hydrological forcing include magnitude and duration
of discharges, shifts in the timing of seasonal inflows, changes in the frequency and
intensity of events (floods and droughts) and the overall rate of change in flows. The flow
components described in Table 1 vary in temporal scale from seasonal to decadal, however
the effect of changes to these flow components is also influenced by the fluctuating water
level at the ocean boundary on much shorter temporal scales varying from hours (e.g.,
tidal fluctuations) through to seasons (e.g., storm surges). Moreover, not all estuaries
are equally sensitive to flow, e.g., a small estuary receiving abundant freshwater flow
from a large catchment may respond similarly to a broad range of seasonal low and high
flows, while a larger estuary subjected to similar freshwater flow inputs may respond
with a marked difference in salinity and flushing regimens varying between a full salinity
gradient state in the high flows to marine dominated in the low flows. Environmental
flow assessments should be simulated at hourly or daily time steps to accurately predict
flow variability, to predict the magnitude and duration of freshettes and floods, and to
incorporate the interaction between riverine hydrological forcing and high frequency ocean
water level fluctuations.

Table 1. Flow components characterizing the hydrological profile and associated ecological functions and ecosystem
services of estuaries based on [15,43,44].

Flow Component Temporal Scales Ecological Function Effects If Flow Component
Is Modified

Ecosystem Services Effects If
Flow Component Is Modified

Cease to flow periods (natural or
due to abstraction)

-Onset of no flow period
-Duration of no flow period

Seasonal

Increase in salinity, hypersaline conditions
Increase in the occurrence and duration of

mouth closure
Low water levels in systems that close to the sea

(decrease in water column depth)
Decrease in open water area

Soil salinization
Localized die-back of riparian vegetation

Loss of marine connectivity in estuaries that close
to the sea

Reduced recreational appeal,
reduced coastal erosion control,
reduced water quality benefit,

reduce/collapse of nursery
function

Low flow periods (especially
flows that facilitate salinity creep)

-Onset of low flow period
-Duration of low flow period

-Lowest flow month
-Average monthly flow

-Standard deviation of flow

Seasonal

Salinity creep (when open)
Mouth closure in systems that close to the sea

(occurrence and duration)
Soil salinization

Loss of marine connectivity in estuaries that close
to the sea

Degradation of water quality,
reduced anadromy/amphidromy

and seasonal rearing of
anadromous/amphidromous

species, reduce/collapse of
nursery function
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Table 1. Cont.

Flow Component Temporal Scales Ecological Function Effects If Flow Component
Is Modified

Ecosystem Services Effects If
Flow Component Is Modified

High flow periods
-Onset of high flow period

-Duration of high flow period
-Highest flow month

-Average monthly flow
-Rate of change in flows

-Standard deviation of flow

Seasonal

Altered marine-estuary connectivity (open mouth)
Sediment scouring/deposition

Altered reset of water column salinity
Altered inundation aptterns for supratidal

vegetation
Altered recruitment signals in the marine

environment for invertebrates and fish

Reduced costal erosion benefit,
reduced nursery and rookery
function, effects on migratory

waterfowl foraging, damage to
cultural resources

Freshets
-Frequency
-Duration

-Magnitude
Rate of change in flows (how fast

or how slow)

Annual

Altered reset of water column salinity
Altered inundation patterns for supratidal

vegetation
Changes to cues for migratory species to move

from sea into estuary
Changes to recruitment signals for invertebrate

and fish

Reduced nursery and rookery
function, effects on migratory
waterfowl foraging, reduced
anadromy/amphidromy and

seasonal rearing of
anadromous/amphidromous

species

Bankfull events (small floods)
-Duration

-Magnitude
-Rate of change in flows

Small floods (e.g.,
1:2, 1:5, 1:10 year
return period))

Altered scour of main channels of sediment,
accumulated organic matter and sediment

pollutants
Altered inundation of riparian vegetation

Changes to recruitment signals for invertebrates
and fish

Water quality degradation,
reduced nutrient cycling, reduced

nursery and foraging effects

Overbank flood events (major
floods)

-Duration
-Magnitude

-Rate of change in flows

Major Floods
(1:10, 1:20, 1:50
and 1:100 year
return period))

Altered scour of main channels and floodplain of
sediment, accumulated organic matter and

sediment pollutants
Altered reset of sediment

erosion/depositional cycles
Altered inundation of floodplain vegetation

Changes to significant recruitment signals for
invertebrates and fish

Reduced costal erosion benefit,
reduced habitat effects, reduced

recreational appeal,
reduce/collapse of nursery

function

Droughts
-Occurrence

-Duration
-Magnitude

Drought cycles
(e.g., 1:10 years

or 1:20 year
return period)

Increase in salinity, hypersaline conditions
Increase in the occurrence and duration of mouth

closure
Low water levels in estuaries that close to the sea

(decrease in water column depth)
Decrease in open water area or complete drying of

this area
Soil salinization

Disconnect from catchment
Die-back of riparian and submerged vegetation

Recruitment failure of invertebrates and fish

Reduced recreational appeal,
reduced coastal erosion control,
reduced water quality benefit,

reduced nursery function,

Although the characteristics of estuaries are mainly influenced by seasonal base flows,
floods also play a role in the longer term, e.g., in scouring and erosion of sediment and
resetting the salinity regime in estuaries (Figure 2). The nature of the watershed character-
ized by rainfall, size, slope, vegetation, land-use practices; and the type of sediment source,
determines the character of sediments discharged into the coast (e.g., predominantly fine or
medium grained). Rivers that primarily drain coarse-grained rocks resistant to erosion will
have considerably lower sediment yields with sediment largely being medium to coarse
grained in nature. Large volumes of sediment can be removed in a very short time during
major floods with 20-year return periods and higher. Smaller floods with 5- to 10-year
return periods can sometimes also have a significant influence in physically confined
estuaries. Floods therefore play a major role in the equilibrium between sedimentation
and erosion in estuaries [45]. Research in estuarine and coastal sedimentary processes lags
behind hydrodynamic and biological prediction capabilities, reflecting a need for focused
research. Progress is hindered by the absence of long-term calibration data sets (i.e., estuary
bathymetry, fluvial sediment loads) and a relatively young developing discipline. This
provides multiple research opportunities to investigate the role of floods in the various
types of estuaries, the rate of sediment accretion vs. sea level rise, estimating the synergis-
tic/antagonistic impacts of dam development and resultant sediment trapping and flow
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modification in conjunction with changes in land-use, land-cover and flood regimes under
a future changing climate.

Beyond surface flows, information on subsurface groundwater inflow and seepage
losses through the beach berm is often lacking, or of low confidence. Globally, estuary-
groundwater interactions are understudied, and models need to be improved to account for
direct groundwater inflow into estuaries (with models often not providing input as a rate of
flow). It should be noted that while simplified mass-balance models may work well in small
estuaries, large more complex systems require detailed hydrodynamic modeling of mouth
behavior and retention times to inform environmental flow assessment. Such modeling
must be simulated at a time step and over a time period that allows the incorporation of
both high frequency and low frequency hydrological and ocean forcing events.

Climate change is likely to accelerate ecosystem degradation in synergy with present
pressures. There is a need to down-scale existing global/regional-scale models outputs [46]
for application at the estuary watershed-scale, particularly for TCEs for which current
spatial resolution of global models may be insufficient. Key vectors of climate change
that should be considered for down-scaling include shifts in seasonal rainfall/snow-rain
transitions and associated change in seasonal inflow, changes in magnitude and frequency
of floods and droughts, and projected seasonal increases in terrestrial temperature regimes.
This in turn can result in shifts in seasonal connectivity, loss of characteristic salinity
regimes, change in habitat and shifts in spawning and migratory signals. Research is
needed on how climate forcing affects hydrodynamic properties of estuaries and how
changes to inflow patterns can influence estuary abiotic and biotic responses (Figure 1). For
example, when does managing environmental flows exacerbate or mitigate changes due to
climate forcing? Dynamic/conceptual models will need to be refined and/or developed
to describe the biophysical cycles of different types of estuaries and to discern the role of
climate variability over scales that influence abiotic and biotic processes, e.g., sediment
cycles and biological diversity [47].
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Figure 2. Conceptualization of various flow events, their frequency and functional significance that
should be considered in the development of environmental flow assessments.

4.2. Ocean Forcing

The importance of ocean forcing in TCEs is a function of their size, depth, position
relative to high tides, and the structure and closure frequency of the mouth (Figure 1).
Shallow, wave dominated estuaries are the least studied and arguably the most vulnerable
to global change because of their relatively small volumes, high water retention times,
perceived low social value and lack of scientific understanding. For this type of estuary,
the flow regime needed to maintain an open mouth is strongly dependent on sediment
availability and wave conditions [15]. For example, baseflow requirements would be
significantly higher for estuaries situated along high-energy coastlines, such as those found



Water 2021, 13, 595 9 of 29

along the South Africa, Australia, California (USA) coast. In general, the stronger the wave
action in the mouth, the greater the vulnerability to mouth closure.

Standard 2D and 3D modeling approaches, such as coupled hydrodynamic-wave-
sediment transport modeling or traditional ‘equilibrium’ modeling, in many cases does
not resolve the relatively fast and complex changes in the mouth morphology over long
time scales [5]. Most standard models used to simulate hydrodynamics were developed for
larger estuaries, with a focus on navigation, and are insensitive to change in small systems
that close to the sea. Progress in numerical modeling see [48] has made advances possible
in predicting changes in mouth morphology. However, these analyses often require pro-
hibitively large effort (e.g., calibration of multiple parameters based on long time-series
datasets) and resources to evaluate, making it difficult to implement in routine environ-
mental flow assessments. Furthermore, the unique characteristics of each estuary make
it nearly impossible to apply sediment and mouth dynamics models without extensive
site-specific validation. For example, estuaries with perched mouths behave differently
than muted tidal or fully tidal systems. Clever use of remote sensing technologies may
alleviate some of the resource-intensiveness associated with data collection for modeling,
however novel technologies and improved ways of using existing technologies will be re-
quired to realize this benefit. Behrens et al. [5] call for a simple time-series model approach,
called a “quantified conceptual model (QCM)”, which calculates estuary water balance in
conjunction with a simplified parametric model of the mouth and beach. Such models can
bridge the gap between resource intensive numerical modeling and the need for repeatable
results in flow sensitivity analysis.

Regional sediment budgets affect the rate and duration of mouth closure, which in
turn influences the relative effect of changes in freshwater inflows. Regional sediment
flux and nearshore movement are seldom assessed in the context of cumulative effects of
sediment trapping by large dams, impact of local coastal structures and dredging, and
extractive activities such as coastal mining. Once sediment of terrestrial or fluvial origin is
deposited in the coastal zone these sediments are subject to coastal processes and become
part of the marine sediment budget. These marine sediments can once again be transported
back into estuaries. Therefore, over long timescales, the amount and character of marine
sediment transported into estuaries is often ultimately determined by the larger rivers
within a region. This also implies that the availability of marine sediment is likely to
be affected by progressive changes in the watersheds that feeds the coast and argues for
regional sediment transport analyses to support environmental flow assessments.

Sea level rise will drive changes in critical estuarine processes such as sediment
dynamics, mouth state, and salinity regime shifts; with associated responses in biotic
processes and patterns, e.g., biotic habitat structure, changes in recruitment, and community
composition [18]. Sea level rise can either counteract the reduction in runoff to an estuary
or exacerbate the effect depending on the size of the estuary, sediment availability, and
wave energy near or at its mouth. Significant research effort is currently underway to
understand the impact of sea level rise on estuary habitats [49] with a key requirement
being the identification of habitat accommodation space using models such as the Sea-Level
Affecting Marshes Model (SLAMM) (Warren Pinnacle Consulting, Inc., Waitsfield, VT, USA,
e.g., [50]. However, many of these models neglect or underestimate processes such as
marsh accretion and subsidence. Research is needed on more dynamic predictors of the
impact of sea level rise on habitat and associated biotic responses. In closed hypersaline
estuaries sea level rise and an increased frequency of overtopping of sand bars will dilute
salinity [24]. While most studies focus on surface elevation change in salt marshes of
uniform salinity, there is a need for elevation studies in marshes across broad salinity
regimes and differing geomorphic positions to assess potential risk to brackish, oligohaline,
and freshwater tidal wetlands because of submergence under future sea level rise [51].

The frequency and magnitude of severe weather events such as tropical cyclones
appear to be on the increase globally [46,50]. While Komar [52] and Ruggerio et al. [53]
provide evidence of increasing storm intensities in the Northern Hemisphere, more research
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is needed in the Southern Hemisphere on trends in storminess to support predictions of
estuary change. An increase in storminess could increase ocean forcing and thus the
occurrence of mouth closure and the transport of marine sediment into estuaries. Estuaries
along an exposed, sediment rich, microtidal coastlines would be more likely to close, which
may increase environmental flow allocations in the future. Site specific research is needed
to predict the possible impact of increased storminess on estuaries using measured data
and models [54,55]. Coastal storms can also increase water levels and salinity well above
established norms. These in turn can cause ecosystems shifts in more freshwater dominated
systems. In addition, research is also urgently needed to better understand the effects of
decadal oscillations (El Niño–Southern Oscillations (ENSO) and Pacific Decadal Oscillation
(PDO)) on estuarine abiotic and biotic process, given that climate extremes often determine
the nature of estuaries. For example, Francisco and Netto [56] found that the effects of such
oscillations are influenced by the spatial scale and the geomorphology and zonation of each
estuary, with tide dominated estuaries more sensitive to PDO and river dominated system
sensitive to ENSO. Systematic monitoring of changes in mouth closures, water levels and
salinity during ENSO events can provide critical insight into potential future conditions
under warmer ocean conditions that may be represented during current ENSOs [57].

A deeper understanding is needed on how changes in freshwater inflows will in-
teract with changes in ocean forcing, and how this will influence decisions about setting
environmental flow requirements:

• Downscale outputs of global climate models and embed in standard hydrological mod-
els, including the impacts of higher temperatures and increase evaporation. Results
needs to be placed-based, with the calculation of key flow indicators automated.

• Conduct integrative research on synergistic effects of a changing climate. What would
happen if freshwater flow is reduced, but sea level increase?

• Develop sediment budgets under current and future conditions and assess changes
in sediment processes because of both ocean and watershed forcing at local and
regional scales to better understand effects on estuary morphology and resilience to
climate change.

• Improve understanding of the role of extreme events (floods, coastal storm and storm
surges) and decadal oscillations on estuarine processes, and how these events will be
affected by climate change.

• Improve efficiency of models to capture both extreme and low intensity (high fre-
quency) runoff events and dynamically couple these hydrologic patterns with changes
in abiotic processes and biotic responses over long time scales.

• Improve remote sensing technologies and methods relevant to estuarine hydrographic
and hydrologic data collection and data integration into numerical modeling processes.

5. Ecosystem Function and Threats: Effects of Hydrologic Alteration

Temporarily closed estuarine habitats and their associated ecological functions gener-
ally follow the salinity gradient from freshwater to brackish to the ocean (Figure 3). Salinity
is determined by estuary morphometry, river flow and ocean influence, which varies
temporally with river flow and precipitation patterns [58]. Extreme variability of salinity,
temperature, and turbidity gradients over multiple time scales (tidal cycles to interannual)
make estuaries naturally stressful environments. These stresses can be easily exacerbated
by anthropogenic effects such as altered freshwater inflow. These effects combined with the
prediction that Mediterranean climates are becoming warmer and dryer [59,60], make TCEs
particularly susceptible to permanent ecological shifts associated with climate change [24].
Significant research gaps exist related to quantifying ecosystem functions in TCEs and to
developing tools that relate hydrologic stress to changes in ecosystem function (Figure 1).
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5.1. Functions

Estuaries support a wide array of taxa that both support and are supported by linked
processes. They are typically nutrient rich, which is a product of high inputs from both
allochthonous and autochthonous sources. Autochthonous sources of primary production
include phytoplankton, macroalgae and vascular plants, e.g., seagrass beds, salt marsh
and mangroves, which provide an important food source for secondary consumers such
as zooplankton and suspension feeders. This process fuels secondary production by
converting organic material into higher trophic levels, an important link in food web
dynamics and energy transfer [61]. Allochthonous nutrients are naturally transported into
estuaries through freshwater inflow, but also have anthropogenic contributions such as
urban and agricultural runoff. Nutrient inputs tend to be high, but estuaries are able to act
as a net sink, with phytoplankton playing a major role in nutrient cycling and removal [62].

Vascular plants provide shelter and protection for free swimming fish and crustaceans
(nekton) as well as benthic invertebrates (infauna). By supporting nekton and infauna taxa,
the system provides a food source for birds and other wildlife, including endangered and
protected species, that rely on estuaries for all or part of their life history.

Estuaries provide important spawning and nursery grounds for commercially impor-
tant fish and shellfish species and a migration route for diadromous fish. Although species
diversity differs between biogeographic regions and estuary type [63,64] the majority of fish
species in TCEs are comprised of juveniles of marine spawning fish [63,65] which exploit
favorable conditions (e.g., food, shelter) that promotes survival. Adult fish also utilize the
estuarine environment either as residents or transients (marine and freshwater) [64].

Commercially significant shellfish (bivalve filter feeders) species [66] rely on these
systems for all or part of their lives. They rely on high amounts of primary production
unique to estuaries and because of their ability to filter large amounts of seawater (e.g.,
oysters: [67]) are vital to ecosystem health and water quality, by controlling phytoplankton
growth [68].

These systems also support physical features that can absorb and protect land through
the dissipation of storm derived wave action [69], freshwater inflow control and regulation
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of flooding and stabilization of sediment to control erosion [70,71]. In addition, these
systems can ameliorate the impacts of sea level rise (SLR), through salt marsh accretion as
long as rates are higher than that of SLR itself [72].

The numerous interlinked component functions of TCEs make it complex to assess
functional health. A holistic set of tools, procedures and analysis frameworks that focus
specifically on TCE functioning is necessary for effective environmental flows management.

5.2. Threats

The health of estuaries is fundamentally associated with freshwater inflow, which
includes the magnitude of flow, as well as the timing, frequency and duration of flow
events. These dynamic aspects of flow regime play an important role in mouth closure [31],
with low flows being associated with closed mouth state and high flows with open mouth
state [15]. Flow alteration in the surrounding watershed from, e.g., dams, channelization,
urbanization and abstraction, can have a substantial impact on estuarine mouth dynamics,
which in turn can influence biotic processes and ecosystem functions and services (Table 1).

Decreased freshwater inflow can impact the defining features of TCEs by prolonging
water residence times and influencing mouth closures. Conditions can become hyper-
saline [24,65,73] which can impact the biological communities, cause changes in species
composition and declines of fish, submerged vegetation and salt marsh habitat (Table 1),
benthic macroinvertebrates, zooplankton, mollusks and crustaceans [15,58,74] as well as
mass fish mortality events (e.g., [64]). Systems in this condition can also induce hypos-
alinity [32] during large freshwater flow events, resulting in fish mortality [75] as well
as a shift in freshwater species dominance [15]. Species that spawn in TCEs such as fish
and invertebrates are adapted to the naturally stressful environment; however, further
decreases in flow will necessitate species to adapt to increased temperature and salinity.
For specialist native species this may be challenging, the physiological impacts of which are
poorly understood [24] and may lead to invasions by non-native temperature and salinity
tolerant species.

Hypoxic and anoxic conditions are common in some salt-wedge systems, such as the
Swan River estuary in Australia [76], that limit vertical mixing of upper and lower layers
producing stratified conditions. Here, reduced freshwater inflow promotes eutrophication
and associated depleted oxygen levels, which can change biotic characteristics of fish [77]
and zooplankton [58] communities. In addition, increased sediment movement can impact
water quality and nutrient influx [78]. In these systems, the magnitude of freshwater inflow,
and hence flushing, can help moderate oxygen depletion [79].

Harmful algal blooms are another product of eutrophication due to low tidal en-
ergy and sediment transport, which make TCEs sensitive to increases in nutrient levels,
resulting in large plankton blooms [23,24,80]. When high levels of naturally occurring
dinoflagellates and cyanobacteria are present in blooms, this can result in mass fish kills
and have serious consequences for human health through diarrhetic and paralytic shellfish
poisoning [81,82]. Understanding phytoplankton dynamics is challenging because of the
multifaceted influence of many biochemical processes [83,84] and therefore the ability to
model and predict events is highly complex and data intensive (e.g., [85]). These processes
are likely exacerbated by changes in freshwater inflows, which should be incorporated as
new models are developed.

Mouth state plays an important part in land-sea connectivity which impacts quality
of important habitat. Changing mouth state because of altered freshwater inflow, can
amplify eutrophication, hypoxic/anoxic conditions and hyper/hyposalinity effects [41].
Temporarily open/closed estuaries are generally more productive when open, because of
mixing and exchange of biochemical processes, with the exception of perched estuaries that
are more productive when closed, which support higher quality nursery and spawning
grounds [86]. The loss of connectivity results in the inability of various species to move
between freshwater and the ocean, e.g., juvenile marine fish reaching nursery grounds,
interrupted upstream and downstream migration of freshwater species with marine life
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stages. Diadromous fish also rely on changes in temperature and stream flow as cues for
migration timing and direction. Loss of connectivity may not only hamper their ability to
migrate physically but may also impact genetic diversity [87]. Environmental flows can
support recruitment by ensuring an open mouth state during key migration and breeding
times [15].

When the closed mouth state is prolonged, reduced tidal influence results in loss of
key habitats such as the intertidal zone, salt marsh and mangroves. Systems in closed
mouth state are also susceptible to nutrient loading which often promotes rapid growth of
phytoplankton [15,88] potentially leading to further eutrophication and hypoxia. The pro-
longed residence times and limited scouring by high flows also promote the accumulation
of pollutants and contaminants [15]. Contaminant related toxicity can increase because of
higher concentrations and water temperatures associated with reduced freshwater input
due to diversions, climate change or other sources [89].

Hypersaline conditions are typically present during dry periods during which, low
tidal exchange, high temperatures and long residence times result in evaporation rates
exceeding rates of freshwater inflow. Commonly, they are observed in semi-arid/arid
Mediterranean climates that experience hot, dry summers and temporarily closed mouth
systems [90] but are also observed during open mouth state in stratified systems [91]. Such
systems exhibit distinct attributes, albeit with potentially detrimental consequences, e.g.,
mouth state frequency and duration influenced by low flows, phytoplankton growth from
increased nutrient cycling and species recruitment failure of from habitat loss. Increased
understanding of how to best manage freshwater inflow has potential to reduce impacts
associated with altered rates and durations of mouth closure, and its effect on salinity
and toxicity.

The following considerations can help broaden our knowledge to further understand,
measure and predict estuarine functional response to environmental flows:

• Maintain long-term assessments to measure the health of rooted macrophytes, e.g., salt
marsh/mangrove/macrophytes cover as measures of habitat and shoreline stabiliza-
tion functions as well as directly measuring the impact of a stressor on those functions.

• Develop causal assessments tools that can provide information on the probable cause
of an altered system and have the potential to determine what component of the flow
regime is influencing an ecological function, e.g., the magnitude, or the timing of
high flows.

• Establish relationships between salinity, turbidity, temperature, and nutrients and
health and vigor of plant and animal communities through long-term monitoring of
multiple types of TCEs.

• Improve tools that directly measure function, e.g., rates of primary productivity,
as a component of the functional equivalency approach [92]. Establish meaningful
thresholds to determine the difference between healthy and unhealthy systems.

• Develop tools to better evaluate cumulative and interacting effects on functions. For
example, increasing inflows in a system may increase nutrient flushing and oxygen
exchange, but may potentially have detrimental consequences involving reduced
nutrient cycling and primary production on other aspects of the system.

6. Establishing Expectation and Desired Conditions

The success of environmental flow assessments relies on having clearly articulated
and focused desired outcomes. Desired outcomes establish shared expectations among
stakeholders with often disparate interests and determine the metrics and assessment
methods against which success will be measured. The importance of establishing an agreed
upon set of expectations was highlighted by Elliott et al. [93] in a review which noted that
poorly defined objectives has repeatedly led to failures of ecohydrology restoration and
management projects.

Desired outcomes have traditionally focused on ecological endpoints for which met-
rics are relatively well established for assessing success, for example temporal changes
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in species richness, abundance, or community composition, or functional diversity can
indicate successful management of environmental flows [15,18,41,94]. South Africa, for
example, set the reference condition at about 100 to 150 years ago before there were signifi-
cant anthropogenic impacts in the landscape or catchments. Similarly, in Victoria, Australia,
the goal of environmental flow assessment for estuaries is to maintain the “major ecological
features and functioning of that system prior to European settlement” [95]. One aspect of
functioning that is often overlooked is the temporal variability in hydrology and processes
within estuaries, for example multi-year scale changes in inflows associated with climatic
features such as the El Niño La Niña Southern Oscillation or the seasonal patterns of usage
of nursery habitat by fish. Additionally, our understanding of the links between flow and
abiotic and biotic states is highly variable between estuaries. Process-based endpoints
may, therefore, be more useful than state-based endpoints, particularly for hydrological
processes that generally regulate the structure of biotic communities [93]. In many cases,
there may be a tension between different ecological processes affected by seasonal differ-
ences in freshwater inflows. Protection of high flows may be beneficial for maintaining
estuarine morphology and may be impacted by changes in land use (which may also
produce deleterious water quality effects; [96]). In contrast, reduced inflows may increase
stratification and reduce water quality [15,96]. The choice of ecological endpoints therefore
determines which flow components are preferentially protected or enhanced as a result
of environmental flow management and the multiple temporal scales at which estuarine
processes occur should be considered when choosing these endpoints.

Desired ecological endpoints for environmental flow management are usually based
on the present condition or a perceived reference condition and its importance for con-
servation status and/or other important resources uses [18]. While assessing the present
condition and determining the current conservation status is relatively straightforward,
establishing suitable past reference conditions for ecological endpoints provides important
context, but can be hampered by a lack of long-term data. One promising approach is the
use of paleoecology or historical ecology as recently demonstrated by Stein et al. [97] who
established a reference point for the past extent and type of coastal wetlands in California
using historical topographic and navigation maps. Historical reference points such as
these can be used as a target for restoration or can help inform trade-offs between the
desired ecological state and other, possibly competing, benefits that may be expected under
different hydrologic regimes.

Progress towards achieving desired outcomes can be slow depending on the timescales
of the ecological processes that have been altered by changes to the flow regime and the
inherent variability of the system. Ideally, we would have reference points to use as sign
posts that recovery is occurring along a trajectory to the desired endpoint. Interpreting
ecological metrics as evidence of progress along a recovery trajectory remains confounded,
however, because degradation and recovery do not always follow similar trajectories [98].
Instead, the path to recovery may take a different route than expected based on the path
of degradation to the current state [99,100]. Likewise, it may be difficult in some systems
to determine whether the desired ecological endpoint is achievable, because of landscape
constraints that affect resilience and the potential for multiple stable states [94]. In less
impacted systems hysteresis and multiple stable states may influence the desired outcomes
of environmental flow management through consideration of the reversibility of future
impacts of changes to the flow regime. In South Australia, for example, environmental
flow releases in the Murray River are undertaken partly to maintain high enough water
levels in the Lower Lakes to prevent the exposure of acid sulphate soils which would tip
the estuarine lakes from one stable state to another undesirable stable state (acidified water,
mobilized toxic metals), as has happened in past droughts [101,102]. Pelletier [94] points out
that the presence of multiple stable states may not be recognized until after an ecosystem
has tipped from one to another. Te Waihora/Lake Ellesmere in New Zealand provides
one such example, having transitioned from a macrophyte dominated environment to an
alternate stable state of high turbidity and phytoplankton dominance, despite restoration
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efforts [103]. In such situations the desired ecological conditions and processes may be out
of reach regardless the changes to the flow regime.

Desired outcomes must also account for changes in hydrologic forcing because of
climate change (discussed above) which may profoundly influence what is reasonable and
achievable. Scanes et al. [104] found that the changes to estuaries as a result of climate
change are occurring an order of magnitude faster than global models predict, with systems
that have a limited connection to the ocean, such as temporarily closed estuaries, most
affected. Doughty et al. [105] found that small intermittently closing estuaries along the
southern California (USA) coast will be almost entirely lost with 1.7 m of sea level rise.
The quantity and timing of freshwater inflows into estuaries is likely to change, although
the direction and magnitude of changes will vary from place to place. For example, in
New Zealand the magnitude of inflows is predicted to generally decrease in North Island
estuaries and increase in South Island estuaries [106]. However, in New Zealand, the mean
change is not a good proxy for the effect on flow variability. In addition, predicted sea level
rise varies globally and may exacerbate the effect of reduced inflows into some estuaries,
changing the morphology of the estuary and hence many of the physical processes [105].
In addition to changes in sea level, Australian estuaries are warming and acidifying faster
than predicted by global climate modeling, with lagoons and rivers most affected [104].
The same study found that temporarily closed lagoons are also freshening because of
increasing periods of mouth closure, while estuarine rivers are salinizing as a result of
reduced inflows. Gillson [107] notes that social and economic behavior may also change
as a result of changing climate, with interacting effects on estuarine fish species that are
sensitive to reduced inflows under a changing climate. Temperature effects will also likely
change the nature of estuarine communities, both through species temperature tolerance
ranges and by affecting spawning and migration times of flora and fauna [108]. Overall,
climate change effects will alter the hydrology and hydraulic gradient of estuaries at a
range of temporal scales, as well as related environmental variables like temperature, and
the complex interactions of these effects should be considered in setting desired conditions
for environmental flows assessments. The incorporation of climate change impacts into
decisions about the desired outcomes for environmental flow assessments would benefit
from the development of a framework that would improve consistency between how these
factors are considered in different locations and by different jurisdictions.

Establishing regional goals that transcend individual estuaries is also critical for ensur-
ing resilience and providing that an appropriately representative set of estuaries persists
under changing conditions. TCEs are often very small by global scales, thus resulting
in a perception that individual systems are not of high importance or value. However,
networks of these smaller systems play an important role in estuarine-coastal connectivity
and inter-estuary recruitment as they collectively comprise significant estuarine area in
a region and function as waypoints [41,109,110]. Stein et al. [97] note that restoration of
small coastal lagoons and estuaries has traditionally been given lower priority because
they lack the size, diversity, and charisma of larger coastal wetlands. However, the rem-
nant wetlands along urbanized coastlines are often much smaller and more constrained
than they were in the past. Emphasizing a series of smaller but intact wetlands that col-
lectively provide desired habitats and functions rather than attempting to create a few
large idealized estuaries within a smaller than historical footprint may ultimately be more
sustainable and achieve the goals of compatibility with landscape and hydrologic drivers.
Unfortunately, there is little research available to guide planners and resource managers on
how to incorporate connectivity into environmental flow studies. The health of individual
estuaries contributes to overall resilience of networks of estuaries along a coast; however,
we currently lack an understanding of the degree to which the health of adjacent estuaries
influences each other [41]. More research is needed (e.g., mark and recapture, telemetry
and genetic studies) to support the development of guidelines and ensure that these highly
vulnerable estuaries are not seen as sacrificial in the setting of targets for desired states in
water allocation processes [41].
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Beyond ecological endpoints, social and cultural values should be considered when
establishing desired conditions. Such values can be tangible or intangible; for example,
the role of particular waterbodies in creation stories, or mahinga kai (the gathering and
use of food resources [111]). The inclusion of cultural values brings an extra dimension to
the consideration of the desired outcomes of environmental flow management. To achieve
culturally desirable outcomes, we must understand not just flow-ecology relationships,
but ecology-culture relationships, as well as direct flow-culture relationships. Contrary
to what is often assumed, indigenous cultural values may be at odds with a western
science-centric ecological perspective [111]. For example, in New Zealand, mahinga kai
expresses the Māori cultural value of food collection. Improving or maintaining mahinga
kai may necessitate a different flow regime than would a western science-centric ecological
outcome [111,112], especially if this involves managing the flow regime to promote the
prevalence of particular species over others (e.g., reducing the frequency of flushing flows
to favor species which prefer higher salinity).

Environmental flows are expected to support complex combinations of benefits (so-
cial, cultural, economic, ecological) in all environments, not just estuaries [113]. Estuar-
ies, however, can be particularly contested spaces due their value from ecological, eco-
nomic, social, and cultural perspectives. Establishing robust methods for trade-offs be-
tween competing values is an important step towards establishing a consensus around
desired outcomes. Brown et al. [114,115] describe two approaches to determining desired
outcomes—prescriptive vs. scenario based. In a prescriptive approach, there is an agreed
level of ecological condition that must be maintained, and a flow regime is prescribed to
support this. They recommend this approach in low-conflict environments. The alternative,
which they consider appropriate for environments where the conflict between ecological
conditions and other valued objectives is high, is to consider a range of scenarios and
determine the trade-offs for each scenario between ecological condition and other desired
outcomes, such as consumptive use, cultural values, etc. This allows for negotiation based
on preferred futures and fits within the paradigm of integrated water resources manage-
ment (see Conclusion and Recommendations, Section 8). Resolving the balance of which
competing values have greatest influence over the desired outcomes varies globally. For
example, the Water Framework Directive in the European Union cites “good ecological
condition” [116,117], whereas in New Zealand the policy framework includes community-
driven identification of “values”, governed by an overarching principle of “te mana o te
wai” (the intrinsic value of the water in the water body as the first objective) [118]. In
South Africa trade-offs are facilitated by a multi-criteria decision analysis that considers
predicted future resource condition, loss and gains in ecosystem services, macro-economic
gains and potential for generating jobs through water resource development [41]. These are
evaluated for a range of water resource development scenarios in a public-private stake-
holder environment before the ultimate decision is made by the state as custodian of water
resources in the county [119]. The outcome often includes provision for a ‘Water Reserve’
(defined as the quantity and quality of freshwater required to satisfy basic human needs,
considering both present and future requirements) to be determined prior to the allocation
of water for agriculture or industrial purposes. Similarly, California (USA) has recently
begun considering the establishment of ‘ecosystem water budgets’ based on the total vol-
ume of water required to satisfy environmental flow needs taking into account ecosystem
management objectives, current water uses, and institutional arrangements [120]. Each of
these approaches has merit; developing a mechanism for sharing experiences and lessons
learned from seemingly disparate approaches would enhance the practice of objective
setting for environmental flow assessments globally. Similarity conservation planning of
aquatic resources and fisheries management are treated as separated from environmental
flows assessments, while they should be seen as central to the allocation process and the
setting of the desire state. Especially as some flow reduction impacts can be off-set or
amplified by resource use activities such as fishing.
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There are a number of specific areas where additional research could improve the way
that desired outcomes are determined for environmental flow assessments, including:

• Improve ways to identify and quantify trade-offs between competing values in the
establishment of the desired conditions and end points. Develop a mechanism for
sharing experiences and approaches globally on resolved trade-offs and potential
conflicts in endpoints.

• Develop tools and approaches to better incorporate cultural, social, and indigenous
values into environmental flow assessments.

• Develop methods for identifying multiple reference points to create a trajectory of re-
covery from past to present to desired future condition, considering multiple domains
including morphological, ecological and social, and incorporating the differences
between trajectories of degradation and trajectories of recovery.

• Incorporate paleoecology and historical ecology to identify historical ecological states
and processes and to establish reference conditions.

• Improve methods for incorporating climate change effects into decisions about desired
outcomes. This should include consideration of how climate change affects the ability
to achieve desired end points, including the effects on freshwater inflows, marine
forcing, temperature, morphology, and ecological processes.

• Improve ability to understand connections between clusters or networks of TCEs and
how changing flow conditions influence regional connectivity and function.

7. Monitoring, Assessment and Adaptive Management

The long-term success of environmental flow management programs, similar to all
management programs, relies on the ability to track progress and change over time, and to
adjust responses based on knowledge obtained through past practices using an adaptive
management approach (Figure 4). Committed long-term monitoring is also the best way
to produce the data necessary to detect trends, understand stress–response relationships,
develop and improve assessment tools, and improve model calibration. Past research has
addressed elements that should be included in monitoring programs [121,122]; however,
there are few examples of successful implementation of long-term monitoring and adaptive
management [123].
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The challenge of an adaptive management approach is finding the correct balance
between gaining knowledge to improve management in the future and achieving the
best short-term outcomes based on current knowledge [124,125]. Sustained long-term
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monitoring requires establishment of clear objectives consistent with desired outcomes
through a stakeholder process (see above); collection of appropriate data to establish
causal associations between stress and response, management and response endpoints;
development of assessment tools to support data interpretation by managers; and long-
term commitment by monitoring and management entities to collect, analyze, store, and
disseminate data and findings.

Monitoring objectives should be consistent with the desired outcomes established early
in the process of developing environmental flows. Clear documentation of the rationale and
basis of the desired outcomes will reduce the chances that adaptive management results
in the unintended downward spiral of expectations often associated with the “shifting
baselines” phenomenon. Changing conditions on the landscape combined with sometimes
equivocal findings of monitoring creates the potential for shifts in expectations. Potential
changes to desired outcomes should only be made with the goal of maintaining maximum
practical ecosystem function and with full stakeholder participation.

An example of monitoring and adaptive management is the program of environmental
flow releases from the Wolwedans Dam to the Great Brak Estuary in South Africa. Results
of 30 years of monitoring were used to refine environmental flow releases and improve the
effectiveness of artificial mouth breaching practiced as mitigation for flow reduction. This
adaptive management process was driven by a complex stakeholder coalition involving
scientists, government and local citizens [126]. Ongoing research and monitoring changed
management practice within a 10-year review cycle [32]. This resulted in the efficient
use of a limited historical environmental flow allocation in a water stressed catchment.
This case study also shows how management objectives were continuously adjusted to
accommodate escalating competition for water resources, not always to the benefit of
the ecological function of the estuary. More recently management objectives have been
legislated at a national level to ensure higher levels of management compliance in an effort
to halt ongoing estuary degradation.

Implementation of the environmental flow framework shown in Figure 1 will re-
quire development of new assessment tools or modification of existing tools. Numerous
monitoring and assessment protocols, interpretive frameworks, and indices have been
developed globally. However, many of these may need to be adapted for TCEs which are
often more dynamic over annual time scales. The effects of this dynamism were illustrated
by Clark and O’Conner [17] who demonstrated heterogeneity within and between estuaries
driven by variable periods of marsh inundation associated with mouth opening and closing
(Figure 5). This study shows the importance of continuous and sustained monitoring. Fur-
thermore, typical assessment indices, such as measures of diversity, richness, abundance,
and composition need to be adjusted to reflect smaller size, inherently lower diversity and
temporally dynamic conditions of TCEs. Revised indices and associated thresholds need to
be recalibrated relative to appropriate and relevant reference sites. Assessment tools may
be lacking for certain processes or characteristics of TCEs, such as tools to evaluate mouth
dynamics and social and cultural issues associated with these systems. For example, small
estuaries, with relatively low inflows along wave dominated and/or microtidal coastlines
are often less resilient to anthropogenic pressures [24]. Temporarily closed estuaries are
highly sensitive to shifts in mouth opening processes, changing water levels and declining
water quality; this necessitates the development of new assessment tools [15,18,41]. Be-
cause small estuaries often exist in interconnected networks, new assessment tools should
also be developed that can evaluate ecosystem functions across clusters or metapopulations
of estuaries where processes and habitats may be coupled. These new indicators should
also target parameters sensitive to changes in freshwater inflow. For example, Steichen
et al. [127], proposed using fish as indicators of freshwater inflow by focusing on associated
abiotic stressors such as nutrient load, salinity and temperature, which can be related to
specific events in the hydrograph to include certain aspects of flow regime [128], as well as
hydrologic alteration [44].
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Ultimately, there is a need to link environmental flow monitoring and assessment with
other watershed and coastal monitoring programs that can help provide insight into how
hydrologic alteration interacts with other stressors, such as fishing, grazing, riparian devel-
opment, aquaculture and/or invasive species that may exacerbate pressure that can lead
to a concomitant decline in condition, resulting in the need to adjust environmental flow
allocations to help account for the effect of multiple stressors. In California, this strategy is
being testing by coupling condition assessment tools with a causal assessment framework,
such as the one developed by the USEPA Causal Analysis/Diagnosis Decision Information
System (CADDIS; https://www.epa.gov/caddis (accessed on 28 August 2020), [129]). Such
a framework can be applied to TCEs to provide relatively rapid assessment of condition in
a manner that can accommodate varying amounts of data availability. Condition can then
be related to hydrologic change via relationships in community composition, indicator taxa,
or other diagnostic measures. This would provide the ability to not only evaluate effects
because of hydrologic change, but also monitor the effectiveness of management actions.

Adaptive management of environmental flows requires long-term monitoring data,
such as continuous stream flow, water level recordings, mouth observations, longitudinal
and vertical salinity distributions, and monitoring of nutrient concentrations and selected
biotic components [15]. Long-term datasets are needed to capture variability and responses
to events like droughts and large floods. These data sets are often absent because of limited
human and financial resources but are especially important in highly dynamic TCEs to
allow differentiating of changing functions from natural variability (i.e., signal to noise).
Emerging threats to TCEs can cumulatively increase the sensitivity of the system because
of changes in freshwater inflow. Only with long term time series data we can begin to
understand historical patterns and implications of future conditions [84].

Sustained long-term monitoring is especially important to track the potential effects
of accelerated climate change. The ability to predict the response of estuaries to climate
change and to plan mitigation and adaptation strategies is hindered by a lack of good
prediction tools and the lack of understanding of many of the effects of climate variability
on the physical, chemical and biological characteristics [130,131]. Methods and tools are
needed to assess the impacts of climate forcing on watershed and ocean forcing processes
at regional scales to ensure that there is up take of such consideration in environmental

https://www.epa.gov/caddis
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flows studies. Protocols for the determination of environmental flows should also have
these embedded as a standard application.

Monitoring should be coupled with a structured data management program. Data
management provides the conduit to transform monitoring data to information that can be
used to support management decisions. Although it is a critical element, data management
is often underfunded and underdeveloped. As a result, information is often fragmented,
difficult to coalesce, and/or largely inaccessible. Advances in software, open-source
analytical tools, web services, and cloud storage have improved accessibility and may lower
overall costs of data management, especially when data is leveraged to support science-
based decision making. Allocation of staff and funding for ongoing data management
should be prioritized as a critical element of environmental flow programs.

Development of monitoring, assessment and adaptive management strategies for environ-
mental flow requirements in estuaries can be supported by the following research objectives:

• Identify ecological indicators that are sensitive to changing inflow requirements
in TCEs;

• Adapt existing estuary monitoring tools to provide a consistent framework for evalu-
ating the efficacy of ecological flow management in TCEs;

• Develop an approach for discerning functional shifts because of changing inflows
from natural fluctuations;

• Couple monitoring with assessment of other stressors in an integrated condition-
causal assessment strategy;

• Develop mechanisms for sustained long-term monitoring and data dissemination.

8. Conclusions and Recommendations

Temporarily closed estuaries are globally ubiquitous, but highly threatened by water-
shed development, competition for freshwater resources, and climate change. Advancing
the science and application of environmental flows is a critical step in protecting and manag-
ing these resources, but will require broadscale cooperation, coordination and commitment
to address the following research priorities:

1. Agree on a consistent typology and classification to better account for variability in
responses to hydrologic alteration.

(a) Directly relate estuary types/classes to susceptibility of changing inflow pat-
terns including aligning with hydrologic regimes with ecological response
across different points of the annual and interannual hydrograph.

(b) Include the role of groundwater discharge in the function of certain estu-
ary types.

(c) Use the classification system to directly relate physical drivers to biologi-
cal response variables and identify key knowledge gaps in the physical -
biological linkages.

(d) Identify flow management measures that may be most important to different
estuary classes.

2. Expand our understanding of how changes in freshwater inflows will interact with
changes in ocean forcing, and how will this influence decisions about setting environ-
mental flow requirements:

(a) Downscale outputs of global climate models and embed in standard hydro-
logical models, including the impacts of higher temperatures and increase
evaporation. Results needs to be placed-based, with the calculation of key
flow indicators automated.

(b) Conduct integrative research on synergistic effects of a changing climate. What
would happen if freshwater flow is reduced, but sea level increases?

(c) Develop sediment budgets under current and future conditions and assess
changes in sediment processes because of both ocean and watershed forc-
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ing at both local and regional scales to better understand effects on estuary
morphology and resilience to climate change.

(d) Improve understanding of the role of extreme events (floods, coastal storm and
storm surges) and decadal oscillations on estuarine processes and diversity,
and how these events will be affected by climate change.

(e) Improve efficiency of models to capture both extreme and low intensity (high
frequency) runoff events and dynamically couple these hydrologic patterns
with changes in abiotic processes and biotic responses over long time scales.

(f) Improve remote sensing technologies and methods relevant to estuarine hy-
drographic and hydrologic data collection and data integration into numerical
modeling processes.

3. Improve methods to assess ecosystem functions of TCEs and develop causal assessment
tools to better elucidate responses to hydrologic alteration along with other stressors.

(a) Maintain long-term assessments to measure the health of rooted macrophytes,
e.g., salt marsh/mangrove/macrophytes cover as measures of habitat and
shoreline stabilization functions as well as directly measuring the impact of a
stressor on those functions.

(b) Develop causal assessments tools that can provide information on the prob-
able cause of an altered system and have the potential to determine what
component of the flow regime is influencing an ecological function, e.g., the
magnitude, or the timing of high flows.

(c) Establish relationships between salinity, turbidity, temperature, and nutrients
and health and vigor of plant and animal communities through long-term
monitoring of multiple types of TCEs.

(d) Improve tools that directly measure function, e.g., rates of primary produc-
tivity, as a component of the functional equivalency approach [92]. Establish
meaningful thresholds to determine the difference between healthy and un-
healthy systems.

(e) Develop tools to better evaluate cumulative and interacting effects on functions.
For example, increasing inflows in a system may increase nutrient flushing
and oxygen exchange, but may potentially have detrimental consequences
involving reduced nutrient cycling and primary production on other aspects
of the system [132].

4. Develop approaches that can help produce agreed upon expectations and quantifiable
desired outcomes through an inclusive stakeholder process:

(a) Improve ways to identify and quantify trade-offs between competing values
in the establishment of the desired conditions and end points. Develop a
mechanism for sharing experiences and approaches globally on resolved trade-
offs and potential conflicts in endpoints.

(b) Develop tools and approaches to better incorporate cultural, social, and in-
digenous values into environmental flow assessments.

(c) Develop methods for identifying multiple reference points to create a trajectory
of recovery from past to present to desired future condition, considering multi-
ple domains including morphological, ecological and social, and incorporating
the differences between trajectories of degradation and trajectories of recovery.

(d) Incorporate paleoecology and historical ecology to identify historical ecological
states and processes and to establish reference conditions.

(e) Improve methods for incorporating climate change effects into decisions about
desired outcomes. This should include consideration of how climate change ef-
fects the ability to achieve desired end points, including the effects on freshwater
inflows, marine forcing, temperature, morphology, and ecological processes.
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(f) Improve ability to understand connections between clusters or networks
of TCEs and how changing flow conditions influence regional connectivity
and function.

5. Develop monitoring, assessment and adaptive management strategies for environ-
mental flow requirements in estuaries that can inform ongoing management and
improve performance of models and other assessment tools:

(a) Identify ecological indicators that are sensitive to changing inflow require-
ments in TCEs.

(b) Adapt existing estuary monitoring tools to provide a consistent framework for
evaluating the efficacy of ecological flow management in TCEs.

(c) Develop an approach for discerning functional shifts because of changing
inflows from natural fluctuations.

(d) Couple monitoring with assessment of other stressors in an integrated condition-
causal assessment strategy.

(e) Develop mechanisms for sustained long-term monitoring and data dissemination.

Research needs should be prioritized based on the needs and constraints of individual
situations. For example, needs may vary based on data availability, predominant stressors,
or social issues. We have rated the above research priorities based on four factors relevant to
decisions of resource or effort allocation (Table 2). Based on discussions at the 2019 Coastal
and Estuarine Research Federation Annual meeting special session, we have identified five
research needs that we believe would have the most universal impact on advancing the
management of environmental flows in TCEs.

Consideration of environmental flows in an Integrated Water Resources Management
(IWRM) framework has the potential to unify strategies to address both watershed and
ocean derived hydrologic change [133,134]. IWRM requires the coordinated development
and management of water and land resources; to maximize the resultant economic and
social benefits in an equitable manner without compromising the sustainability of aquatic
ecosystems in a watershed. IWRM results in improved water use, and supports economic
and social objectives, while sustaining environmental ecosystems [135]. IWRM relies on a
multidisciplinary, socio-ecological systems approach which integrates elements such as
land and water issues, freshwater and coastal zones, water quantity and quality, differing
upstream and downstream interests, and surface water and groundwater interactions.
IWRM also requires trade-offs between alternative economic, social and environmental
objectives, and between existing and future demands, such as those an uncertain climate
change may impose on future water resource delivery and use [136].

Using an IWRM approach can support environmental flow assessments by providing
a way to integrate potential effects on water quantity and quality with potential habitat
changes. This implies that before embarking on an IWRM process a ‘status quo’ assessment
is needed of all pressures on, and uses of estuaries in a water management area or water-
shed, as reflected in the present—but also those processes representative of a changing
climate, to ensure an equitable and sustainable spread of benefits. IWRM recognizes that
hydrology it is not the only factor that contributes to ecosystem change. It is also important
to have a sound understanding of other global change pressures such as pollution, living
resource exploitation, destruction of habitat and biological invasions [86]. Consideration of
multiple vectors of change in the context of an uncertain climate future is rarely attempted.
This should include assessing the impact of flow reduction, a deterioration in water quality
and a climate change induced increase in temperature and tidal penetration. While it
is near impossible to predict multi-vector ecosystems-level responses at a high level of
confidence, demonstration of such methods is nevertheless urgently needed to progress in
the context of IWRM and should be a high priority for research
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Table 2. Relative prioritization of identified research needs. Large black circles indicate relatively high ease of achieving,
data availability, ability to accomplish in a short time frame, and high management impact. Small grey circles indicate
relatively low levels for the same criteria. Red bolded text indicate highest priority needs for informing environmental flow
management in TCEs.
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1. Consistent typology/classification sensitive to hydrologic alteration
Relate exiting estuary classes to inflow patterns • • • •

Include groundwater discharge into typology • • • •

Use the classification to relate physical drivers to biological response • • • •

Relate flow management measures to different estuary classes • • • •
2. Understand interaction between changes in freshwater inflows and ocean forcing
Embed downscaling of Global Climate models into hydrologic analysis • • • •

Integrate effect of reduced freshwater flow inflow and sea level rise • • • •

Assess changes in sediment processes and budgets • • • •

Role of extreme events and decadal oscillations • • • •

Model various scale events over long time periods • • • •

Remote sensing for data collection and input to numerical models • • • •
3. Methods to assess ecosystem functions and causal assessment tools
Long-term assessments of rooted macrophytes condition and stress • • • •

Develop flow-based causal assessments tools • • • •

Assess effects of salinity, turbidity, temperature, and nutrients • • • •

Improve tools that measure function and establish health thresholds • • • •

Cumulative Assessment tools of synergistic and antigenic effects • • • •
4. Approaches to produce agreed upon expectations and quantifiable desired outcomes
Trade-off methods for determining desired conditions/end points • • • •

Approaches to incorporate cultural, social, and indigenous values • • • •

Create recovery trajectories based on flow management • • • •

Incorporate paleoecology and historical ecology for reference conditions • • • •

Consider climate change into ability to achieve desired end points • • • •

Role of regional connectivity between clusters/networks of TCEs • • • •
5. Monitoring, assessment, and adaptive management strategies
Identify ecological indicators sensitive to flow requirements in TCEs • • • •

Consistent monitoring tools for evaluating ecological flow effects • • • •

Discern role of natural fluctuations on functional shifts • • • •

Monitor stressors in an integrated condition-causal assessment strategy • • • •

Mechanisms for sustained long-term monitoring and data dissemination • • • •
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Beyond this research agenda, implementing environmental flows for estuaries typ-
ically requires legislative or policy actions that enable technical solutions to be adopted.
Managing environmental flows has the potential to accomplish objectives across numerous
other programs and policies, such as habitat restoration, sensitive species protection (e.g.,
red list species), water quality programs, climate change adaptation and water resources
planning. Environmental flow policies could occur either through new legislation or
through incorporation of environmental flow considerations into existing policies. The
former would have the advantage of allowing for design of a cohesive and comprehensive
program around meeting environmental flow objectives, but would likely be more difficult
to enact because of political obstacles to new policy development. In contrast, incorporation
of environmental flow considerations into existing polices would be less specific, but likely
easier to enact (i.e., lower barriers to development)—either way, policy drivers are key
to advance the implementation of environmental flows. An informed research agenda
anchored through global collaboration can serve as the foundation for any future policy
proposals under consideration and can ultimately lead to more effective protection of these
resources globally.
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