
Edited by

Environmental 
Flows, Ecological 
Quality and 
Ecosystem Services

Carles Ibáñez

Printed Edition of the Special Issue Published in Water

www.mdpi.com/journal/water



Environmental Flows, Ecological
Quality and Ecosystem Services





Environmental Flows, Ecological
Quality and Ecosystem Services

Editor

Carles Ibáñez

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Carles Ibáñez
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Global environmental change is greatly disturbing rivers and estuaries by a number
of stressors, among which water withdrawal, damming, pollution, invasive species, and
climate change are the most worrying. All of them have a direct connection to river hydrol-
ogy and preserving flow regimes has become one of the key issues for protecting our future
water resources and river ecosystems. Thus, the science and methods to establish adequate
environmental flows (e-flows) is a keystone to implement an integrated management of
water resources. This is even more critical in water scarce river basins, where the preserva-
tions of ecological functions and values of aquatic ecosystems (i.e., water quality, sediment
dynamics, productivity, biodiversity, carbon cycling, etc.) critically depend on river flow
regime. However, scientists and managers often find it very difficult to quantitatively link
the ecological status and biodiversity of aquatic ecosystems and their services to specific
e-flow regimes. This Special Issue includes papers investigating the links between river
flow regime, the status of aquatic ecosystems, and the benefits they provide to our society
either from the science or management perspective.

The main group of papers focuses on the conceptual, quantitative, and qualitative
links of flow regime and e-flows with river ecosystem functions and values, such as the
preservation and ecological status of inland wetlands [1], the functions and values of
temporarily closed estuaries [2], the preservation of fish species richness [3], the impact on
fish spawning period [4], the ecological quality, bird diversity and shellfish fisheries in a
lowland river and its coastal area [5], and the ecosystem productivity of coastal areas [6].
Moreover, one of the papers [7] performs an in-depth review of ecohydrological links in
the lower Ebro River and its Delta, which is one of the most studied cases regarding the
impacts of flow regime alteration on socioecological functions and values. Finally, a couple
of papers deal with management and policy issues, such as Chinese policies of hydropower
projects to avoid negative environmental impacts [8] and the proposal of a new framework
for managing ecological quality and ecosystem services in coastal waters [9].

Most of the papers highlight the idea that, besides promising progress in establishing
and implementing e-flows in rivers and coastal areas, efforts are not sufficient to preserve
the ecological integrity and health of river ecosystems. On the other hand, the multidimen-
sional character of e-flow research and management suggests that a holistic socio-ecological
approach is needed to successfully establish, test, and implement sound-flow regimes un-
der an adaptative framework.
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Abstract: Temporarily closed estuaries require seasonal opening to tidal flows to maintain normal
ecological processes. Each estuary has specific environmental flow (EFlow) requirements based
on the relationship between freshwater inflow, coastal dynamics, rate of sandbar formation,
and the open/closed state of the mouth. Key abiotic processes and ecosystem services linked
to mouth state were highlighted. We reviewed completed EFlow requirement studies for temporarily
closed estuaries in South Africa and found that the formulation of these requirements should
consider the timing and magnitude of flows in relation to the morphology of an estuary, its mouth
structure, catchment size, and climate. We identified ten key principles that could be adapted to
similar systems in equivalent climatic settings. Principle 1 recognizes that each estuary is unique in
terms of its EFlow requirements because size, scale, and sensitivity of core elements to freshwater
inflow are specific for each system; EFlows cannot be extrapolated from one estuary to another.
Principle 2 highlights the importance of baseflows in keeping an estuary mouth open because a small
reduction in flow can cause the mouth to close and alter essential ecological processes. Principle 3
outlines the role of floods in resetting natural processes by flushing out large volumes of sediment
and establishing the equilibrium between erosion and sedimentation. Principle 4 emphasizes the need
for open mouth conditions to allow regular tidal flushing that maintains water quality through
reducing retention times and preventing the onset of eutrophic conditions. Principle 5 advises
artificial breaching to be practiced with caution because execution at low water levels encourages
sedimentation that reduces the scouring effect of flushing. Principle 6 holds that elevated inflow
volumes from wastewater treatment works or agricultural return flows can increase the frequency of
mouth opening and cause ecological instability. Principle 7 states that water released from dams to
supply the environmental flow cannot mimic the natural flow regime. Principle 8 specifies the need
for short- and long-term data to increase the confidence levels of EFlow assessments, with data to
be collected during the open and closed mouth states. Principle 9 advocates the implementation of
a monitoring program to track the achievement of EFlow objectives as part of a strategic adaptive
management cycle. Finally, Principle 10 recommends the adoption of a holistic catchment-to-coast
management approach underpinned by collaboration with regulatory authorities and stakeholders
across a range of sectors. These principles can be used to guide the formulation and management
of EFlows, an essential strategy that links the maintenance of estuarine ecological integrity with
social well-being.

Keywords: intermittently; lakes; lagoons; bar; microtidal; coastal; semi-closed; berm; water quality;
ecosystem services
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1. Introduction

The importance of freshwater inflow to estuaries and their response to altered flows are particularly
relevant in semi-arid countries such as South Africa. Rainfall is variable and unpredictable with
approximately 1000 mm per annum falling along the eastern subtropical coast and <200 mm per
annum on the west coast. Modifications to freshwater inflow by human activities threaten the health
and functioning of South African estuaries. While several studies have addressed responses to
change in freshwater inflow [1–7], few have quantified the environmental flow (EFlow) required
to maintain these ecosystems and their benefits in the face of competing water uses and regulated
flows. Flow studies in estuaries pose unique challenges because the combined influence of the river
and the sea generates spatial and temporal variability at a range of scales.

In South Africa, estuaries are defined as partially enclosed, permanent water bodies, either
continuously or periodically open to the sea and extending landwards as far as the upper limit of
tidal action, salinity penetration, or back-flooding under closed-mouth conditions. During floods,
they can become river mouths where no seawater enters. When there is little or no fluvial input, they
can be isolated from the sea by a sandbar and become fresh or hypersaline [8]. More than 90% of South
African estuaries have restricted inlets brought about by low river runoff combined with strong coastal
wave action and high rates of sediment movement [7,9]. Sand bars (berms) form in mouth regions
causing >75% to intermittently close off from the sea [8,10,11]. Such estuaries have been classified
globally as either temporarily closed estuaries (TCEs), temporarily open/closed estuaries (TOCEs),
intermittently open lakes and lagoons (ICOLLS), or intermittently open/closed estuaries (IOCEs) that
remain closed until sufficient inflow, often flood events, enables the berm to be breached [9,12,13].
They are also known collectively as blind estuaries, bar-built systems, coastal plain estuaries, barrier
beaches, and estuarine embayments and are located in coastal plains where there is sufficient marine
sediment to support the development of barrier beaches, dunes, or bars [14]. They are a feature of
microtidal (<2m tidal range) and low-mesotidal (1.3 m mean tidal range) coastlines in the mid-latitudes,
predominantly those with temperate climates [12]. These estuaries occur on the south-eastern coast of
New Zealand, Australia, Brazil, and Uruguay; the south-western coast of India and Sri Lanka [15];
and are numerically dominant in microtidal Mediterranean climates. For example, of the 47 estuaries
in south-western Australia, 82% are close to the sea [16]. Lagoons, creeks, and back dune lagoons in
south-eastern Australia are also close to the sea during low flow conditions [17].

Artificial breaching of closed estuaries and coastal lagoons is a common practice worldwide, used
to offset flow reduction, prevent flooding, and improve fisheries and water quality [18–21]. In Central
and Southern California, many historically closed estuaries have been permanently opened using
groins, levees, and regular dredging [22], practices that can have unforeseen negative environmental
impacts. TCEs can have high biodiversity importance and productivity. Closed phases are associated
with high abundance and biomass of benthic microalgae, submerged macrophytes, zooplankton,
and hyper- and zoobenthos [23]. Peaks in food resources and available habitats coupled with
stable physico-chemical conditions benefit estuarine-spawning fish that, in turn, support piscivorous
avifauna. The estuaries function as important roosting and feeding sites for resident and migratory
birds. Similarly, closed systems in south-eastern Australia and in California provide nursery habitats
for juvenile fish and migratory shore birds [17,24,25].

This article focuses specifically on South African TCEs that are < 500 ha in size and seasonally
or intermittently open with land–sea connectivity occurring at annual scales. This group differs
from large (>500 ha) closed systems such as ICOLLS and coastal lagoons that often remain closed
for several years at a time. Recently, the sizeable group of South African TCEs [10] was sub-divided
into large and small systems based on a threshold estuarine habitat area of 15 ha [8]. Small TCEs are
strongly event-driven and can experience rapid increases and decreases in freshwater inflow over
a few hours. They are generally perched and when open (semi-closed), the outflow channel restricts
tidal amplitude to 10–15 cm compared to 15–30 cm in large TCEs. The main forces that maintain
open mouth conditions are river inflow and to a lesser extent tidal flows [8], while the main closing
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forces are wave energy and sediment availability from marine, fluvial, or aeolian sources (Figure 1).
South charged into a high energy coastal environment [26]. They stay closed until their basins fill up
and the sand berm is breached. Mouth opening may result in the removal of significant amounts of
sediment. However, infilling from marine and fluvial sediment following flow reduction can be rapid.
Groundwater inflows are an important additional source of freshwater input in arid and semi-arid
environments for the development of refugia during droughts, and the maintenance of water level
and salinity regimes [27]. However, surface water flow is the dominant driver in mouth behavior of
TCEs given their small size and sensitivity to flow changes and are thus the focus of EFlow studies.

 

Figure 1. Longitudinal representation of a temporarily closed estuary showing the main opening
and closing forces that influence mouth condition.

Estuaries require an adequate flow of freshwater to maintain a healthy state. EFlows describe
the quantity and quality of freshwater flows in terms of timing, duration, frequency, and intensity
necessary to sustain aquatic ecosystems. Managing EFlows to estuaries should account for these
aspects of the annual and multi-year hydrograph. These EFlows support human cultures, economies,
sustainable livelihoods, and well-being [28]. EFlow requirements were seldom considered in water
resource planning and management [29–33] until methods were developed for estuaries in South
Africa, Australia, and the USA (CA and TX) [33,34]. EFlow requirements have also been described
for Mediterranean coastal ecosystems, such as the Ebro Delta, where anthropogenic pressures are
magnified by the natural hydrological variability of aquatic ecosystems [35,36]. To ensure ecological
sustainability and social well-being, innovation is needed in the emerging science of EFlows [28].

The aim of the study was to review EFlow assessments conducted for a range of these systems to
identify and describe general principles that can be applied to this category of estuary worldwide.
The exercise was based on EFlow studies conducted over the past 25 years in South Africa and included
the outcome of research aimed at understanding the responses of TCEs to changes in freshwater
inflow [15,23,31,32,37,38]. The discussion includes estuarine lakes and predominantly open estuaries
where they illustrate a relevant phenomenon during the closed-mouth state. Processes under these
conditions are comparable to that in TCEs. Reviews of TCE responses to changes in freshwater inflow
are described in detail elsewhere [15,23]. The study presented in this paper updates these reviews
and relates estuary response to changes in important ecosystem services [39]. Some of the key abiotic
processes and biotic responses that occur when freshwater is abstracted and the mouth of the estuary
closes more frequently to the sea were highlighted (Table 1).
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Table 1. Response of temporarily closed estuaries (TCEs) to reduced freshwater inflow and increased
duration and frequency of closed-mouth conditions in terms of resultant abiotic drivers, the main flow
component driving the process, biotic responses, and impacts on ecosystem services.

Closed-Mouth Conditions
and Abiotic Driver

Flow Component * Biotic Response Impact on Ecosystem Services

No tidal exchange Reduced dry-season base flows
and/or drought flows

Loss of intertidal habitat, salt marsh
and nursery habitat.

Reduced biological diversity (birds,
macrofauna, macrophytes).

Loss of wetland purification capacity,
erosion control, bank protection,

and flood mitigation.

Loss of connectivity with sea Reduced dry-season base flows
and/or drought flows

Loss of invertebrate and fish recruitment.
Interruption to faunal life cycles.

Decline in salt tolerant biota.

Loss of nursery habitat
and biodiversity.

Reduced fisheries.

Loss of connectivity with
the catchment

No dry-season base flows or
drought flows, reduction in flood

occurrence and magnitude

No recruitment of catadromous fauna (eels
and freshwater mullet) that live in freshwater

and breed in the sea.

Reduced food security and loss of
cultural elements.

Increased water level
(wet conditions) Reduced dry-season base flows Loss of intertidal habitat (intertidal salt marsh)

and wading birds due to flooding.

Reduced tourism appeal.
Less recreational bird watching

opportunities. Flooding of adjacent
properties leading to
artificial breaching.

Decreased water level
(dry conditions) Reduced/no drought flows

Die-back of submerged plants.
Loss of nursery habitat.

Reduced foraging and nesting habitat for
water birds.

Reduced bait and fisheries resources.
Reduced ecotourism.

Eutrophication and low
water transparency

Increase or decrease dry-season
base flows, coupled with nutrient

enrichment

Loss of submerged aquatic vegetation (seagrass).
Occurrence of harmful algal blooms and invasive

aquatic macrophytes. Fish kills.

Loss of waste assimilative capacity.
Reduced nutrient cycling.

Loss of fisheries.
Reduced revenues from recreation

and tourism. Decline in real
estate values.

Increased retention of pollutants
and human pathogens

Reduced dry-season base flows
and/or reduction in flood

occurrence and magnitude
Accumulation of pollutants in fish and shellfish.

Biota unsuitable for human
consumption. Reduced food supply

Loss of recreational facility (no
swimming or boating).

Negative impact on human health
and wellbeing.

Salinity extremes
(hypersaline/hyposaline)

Reduced or no dry-season base
flows or drought flows

Die-back of sensitive biota. Changes in species
and community composition.

Reduced biomass.

Reduced biodiversity.
Erosion and destabilization of

vegetated banks.
Loss in bank buffering capacity

and flood control.
Flooding of adjacent properties.

Reduced aesthetic appeal and real
estate value.

* Drought flows are generally assumed at 90% exceedance of mean monthly flows over a 60 to 80 year simulation
period, seasonal low flows at 80–50% exceedance during the dry season, and floods greater than 95% exceedance.
However, estuary sensitivity to flow can vary outside these ranges depending on estuary size, wave exposure,
and catchment runoff.

2. EFlow Studies in South Africa

South Africa’s National Water Act (Act 38 of 1998) recognizes water as a national asset and requires
sufficient quality and quantity of water to be “reserved” for estuaries to ensure their functioning
and health. EFlows must be allocated to meet environmental and basic human needs before water can be
abstracted for other uses. In response, the Ecological Reserve Method to determine the Environmental
Water Requirements (EWR) of estuaries was devised in 1999 by a core team of estuary specialists [40,41].
The method summarized in Figure 2 incorporates an ecosystem approach that requires an understanding
of the effect of changes in river inflow on the abiotic components of an estuary (e.g., hydrodynamics,
sediment dynamics, and water quality) and the response of its biotic elements (e.g., microalgae,
macrophytes, invertebrates, fishes and birds) [32,40,41].

An estuarine health index is applied to measure the present state from a reference condition
taken approximately 120 years ago, before large-scale urban and water resource development occurred
in South Africa. The index rates estuaries from 0 to 100 as natural (91–100), largely natural (74–90),
moderately modified (75–61), largely modified (60–39), and highly degraded (40–21) to extremely
degraded (20–0) [42,43]. Changes in health state provide a measure of how resilient an estuary is to
changes in EFlows. EFlows are set to maintain the estuary in the desired condition identified after
taking different development and hydrological scenarios into account. The achievement of the desired
state depends on the provision of minimum flows from the catchment that will keep the mouth open,
flush the water column, scour sediments, and ensure the maintenance of ecosystem services such as
the estuary nursery function.
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Figure 2. The method used to determine EFlows for estuaries (modified from [32] (Figure 2 Reprinted
from Science of the Total Environment, 656, An environmental flow determination method for integrating
multiple-scale ecohydrological and complex ecosystem processes in estuaries, 482–494, 2018, with
permission from Elsevier)).

The South African EFlow method uses a “top down” approach, which defines freshwater inflows
from the perspective of the natural flow regime using a scenario-based approach [28,29]. Because of
the lack of measured river inflow data for smaller estuaries, rainfall-runoffmodels are used to simulate
inflows. Either monthly and/or daily-flow time-series are generated with the temporal resolution
determined by variability in river flow and its influence on salinity distribution and mouth conditions.
However, hydrological data for long time-periods (e.g., 60–80 year simulation periods), which are
more representative of South Africa’s highly variable runoff regimes, are normally only available
for monthly flow data. Drought flows are generally assumed at 90% exceedance of mean monthly
flows over the simulation period, seasonal low flows at between 80 and 50% exceedance (with a focus
on the dry season), and floods at a greater-than-95% exceedance. Estuary sensitivity to flow can
vary depending on estuary size and associated tidal flows, wave exposure, and catchment runoff
signal. While some estuaries only close under drought conditions, others may close under dry-season
base flows. Correlations between mouth state and measured and/or simulated flows are therefore
used to determine an estuary’s responses to flow variations and superimpose that on the natural,
present, and potential future flow regimes to quantify change (see [31,32] for more information on
ecohydrological coupling).
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EFlow requirement data for this review were available for 38% of TCEs in South Africa from
studies commissioned by the government department responsible for water resource management or
by regional catchment management agencies that needed the data to issue new water use licenses.
Data were also obtained from assessments undertaken on behalf of local municipal authorities such
as eThekweni Municipality that planned to release treated sewerage into the Mdloti and Mhlanga
estuaries [44]. The company Richards Bay Minerals commissioned an EFlow study for the Siyaya
Estuary in KwaZulu-Natal [45], and the Water Research Commission funded an assessment of the East
Kleinemonde Estuary as part of a larger Resource Directed Measures project [46]. Studies that advanced
the understanding of EFlows were identified in this review in an effort to document incremental
learning. Applying the EFlow requirement method in South Africa has followed a “learning-by-doing”
approach. The principles and lessons learnt were identified mainly from five estuary case studies
(Great Brak, Uilkraals, Mhlanga, Goukamma, and East Kleinemonde estuaries). The location of these
and other estuaries mentioned in the text are shown in Figure 3.

Figure 3. The South African coastline indicating estuaries mentioned in the text.

3. Understanding the Relationship between Freshwater Inflow and Ecosystem Services

This section updates our knowledge on the response of TCEs to changes in freshwater inflow
and links these responses to changes to Ecosystem Services. Managing estuaries through EFlows
requires that a balance be achieved between using estuary resources and sustaining their ability to
continue to deliver goods and services. Table 1 outlines the responses of TCEs to reduced freshwater
inflow and closed mouth conditions that influence their abiotic properties and causes changes in
the biota, thus ultimately impacting on the provision of ecosystem services.

3.1. Maintaining Intertidal Habitat Is Key to Productivity

Freshwater input helps maintain an open estuary mouth that allows tidal exchange with nearshore
marine water and supports the formation of intertidal habitat. South African estuaries experience three
dominant hydrodynamic states defined by the state of the mouth, i.e., open, semi-closed and closed [47].
In the semi-closed state, the mouth is shallow and perched (elevated above mean sea level) with
a narrow opening that restricts tidal exchange by allowing only a trickle of water out to sea. This leads
to the loss of intertidal habitat, such as salt marsh, and bird species that feed in this area (Table 1).
When this state persists and little tidal exchange occurs, the estuary becomes “fresh”, benefiting biota

8



Water 2020, 12, 1944

that prefer fresh to brackish conditions, e.g., the submerged macrophyte Ruppia cirrhosa instead of
Zostera capensis.

The loss of tidal action adversely affects the quantity and availability of intertidal benthic organisms
that provide food for wading birds. Since many are Palaearctic migrants, the impact of persistent mouth
closures on global bird populations is far reaching [48]. Other effects include the loss of shallow water
habitats, favored by herons and flamingos, and the loss of islands that provide roosts and breeding
sites safe from terrestrial predators [46]. In response, EFlows are set to maintain intertidal habitats as
this provides ecosystem services such as water quality maintenance, erosion control, bank protection,
and flood mitigation (Table 1).

3.2. Catchment and Marine Connectivity Sustain Biodiversity, Fisheries, and Genetic Diversity

Mouth closure leads to the loss of land–sea connectivity and nursery habitats, which affects
recruitment of invertebrates and fish, and impacts fisheries (Table 1). Some migratory invertebrates,
such as penaeid swimming prawns, anomuran mudprawns and mangrove crabs, have an obligatory
marine phase in their life cycle and cannot re-enter estuaries under closed conditions [49].
Predominantly adult fish communities were recorded at the Swartvlei Estuary during closed periods
because juveniles could not reach nursery areas [50]. Prolonged closure results in low recruitment to
estuaries of juvenile marine fish and prevents the migration of adults back to the sea [51,52]. In the Bot
Estuary, non-migrating resident fish were dominant after three years of closure [53]. Some species
can, however, be recruited into closed systems by larval fish moving over the berm during overwash
events, as recorded at East Kleinemonde Estuary, where marine species, e.g., Rhabdosargus holubi,
were encountered in nursery areas [9,49,54]. During extended closures, fish populations decline rapidly
due to predation by other fish, birds, and mammals.

EFlows are designed and set to ensure an estuary mouth is open during key recruitment
periods, i.e., spring and summer for most migratory fish. More recently, they have been used to
ensure genetic exchange between TCEs by ensuring simultaneous breaching in adjacent systems [55].
Freshwater species with estuarine or marine life-cycle phases, e.g., freshwater prawns and shrimps
(Macrobrachium spp.), catadromous crabs (Varuna litterata) and Anguillidae eels, can be cut off
from these estuaries if there is inadequate freshwater inflow [32]. Consequently, they depend
on a catchment-to-coast management approach for their survival. Coastal connectivity is maintained
through freshwater flow to the sea that carries nutrients, detritus, and sediment in the form of
productive plumes or fronts. These serve as migration and spawning cues [5,32,56]. Lamberth et al. [56]
showed the negative influence of freshwater inflow reduction on commercial line fish catchments
documented for 40 km off the east coast of South Africa.

3.3. Duration and Extent of Water Level Fluctuations Act as Biological Resetting Events

When an estuary mouth closes, water levels can build up behind the sand bar and flood nearby
habitats, leading to a loss of ecosystem services such as bird watching (Table 1). Macrophyte response
to water level changes is summarized in Table 2. The ecosystems approach requires that the relationship
between abiotic drivers and biotic responses is central to the EFlow assessment. Succulent salt marsh
species are sensitive to prolonged inundation and die back after three months [57–59]. The impact
of changes in water level on plants depends on the duration, intensity, and frequency of an event
and the phenology of the plant at the time [60]. Large sediment seed reserves ensure macrophyte
survival and persistence even after prolonged unfavorable conditions [61]. If evaporation exceeds
freshwater inflow, water levels decrease exposing habitats to desiccation. Extensive submerged
macrophyte beds (e.g., Ruppia cirrhosa) can form during mouth closures but desiccate and die back if
permanently exposed; they recover rapidly, however, from a large seed bank [62]. In contrast, low
water levels associated with floods and mouth opening act as natural stressors, causing extensive
dieback of submerged macrophytes, and boom-and-bust population dynamics in the endemic red-listed
fish, Clinus spatulatus, has been reported [55]. Submerged macrophyte die-back and fish kills were
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also reported in the West Kleinemonde Estuary where the water level naturally decreased by 1.65
m in 24 h when the mouth opened; thousands of fish became trapped in the littoral submerged
macrophyte beds [63].

Table 2. Response of macrophytes in TCEs to changes in environmental conditions.

Condition Macrophyte Response

Increase in freshwater inflow
↑mouth breaching perched estuaries drain

↓water level Submerged macrophytes die back, epiphytes on reeds and sedges become lost.

↓ salinity Salt marsh, salt pans and mangroves decline.

Decrease in freshwater inflow
↑ duration mouth closure ↑water level Loss of intertidal salt marsh, reeds, sedges, and mangroves, submerged macrophytes increase.

↑ salinity Submerged macrophyte species composition changes rapidly in response to altered salinity.

↑ sedimentation Reed growth increases. Macroalgal and submerged macrophyte growth increase in response to
low flow conditions.

Artificial mouth opening
↑ salinity

↑ tidal currents Reed beds and swamp forest die-back. Submerged macrophytes die-back

Extreme water level fluctuations thus act as biological resetting events, preventing dominance of
selected species and temporarily reducing estuary productivity and biodiversity. These events
need to be identified, understood, and incorporated into the allocation of EFlows given that
the management objective is to maintain biodiversity and the natural estuary functioning as best as
possible. Increasing freshwater abstraction can mimic this stress in a system not previously subjected
to it, causing disruption of natural processes. Freshwater abstraction caused the Kobonqaba Estuary
in the Eastern Cape and Uilkraals Estuary in the Western Cape to close to the sea in 2010, the first
time in recorded history [64]. High water levels in the Kobonqaba Estuary flooded the mangroves,
causing die-back and tree loss [65] and die-back of salt marsh in the Uilkraals. In future, sea level rises
in response to climate change could result in more frequent open mouth states and increased tidal
exchange. However, an increase in the frequency and intensity of sea storms would increase sand
delivery, thus raising the berm height and causing the estuary mouth to close. Predicted decreases
in dry-season base flows and increases in droughts could also cause more frequent mouth closures,
flooding, and die-back of salt marsh plants, or low water levels causing die-back of submerged
macrophytes. These extreme conditions need to be incorporated into EFlow assessments to ensure
natural variability and future resilience to climate change.

3.4. Water Quality Changes Impacts on Nutrient Cycling, Fisheries, and Cultural Values

TCEs are particularly vulnerable to water quality changes during the closed state when longer water
residence times allow nutrients to accumulate and primary producers to grow. Micro- and macroalgal
blooms have increased in South African estuaries, particularly in TCEs. Besides wastewater input,
agricultural return flow also reduces water quality that leads to anoxic conditions and eutrophication.
Oxygen extremes and fish kills are common. A recent assessment showed the largest wastewater
volumes to be discharged to TCEs compared to other estuary types [66]. Input of sewage effluent
is a major problem on the developed east coast around Durban, where this is often the only flow
into small estuaries [31]. River flow into the Mdloti Estuary was found not to be a predictor of
physico-chemical state as the system is driven by effluent inflows [67]. The minimum discharge
standards of municipal effluents are extremely high (21 mg L−1 (ca. 1500 μM)) for inorganic nitrogen
(DIN) and 10 mg L−1 (ca. 320 μM) for phosphorus (DIP) and cause estuary eutrophication [31,66].
Some estuaries (e.g., Wildevoëlvlei and Zeekoe) have transitioned to alternate stable states characterized
by toxic cyanobacteria blooms resulting from wastewater inputs and increased residence times [66].
Nutrien assimilation and cycling function of estuaries are essential ecosystem services that need to be
protected for estuaries to retain their resilience. Polluted estuaries lose their recreational and aesthetic
value (Table 1). In particular, during the closed state, there is an increase in the retention of pollutants
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and human pathogens. Microbiological indicators used for contact recreation are the abundance of
Enterococci and Escherichia coli [68].

3.5. Salinity Extremes Drive Biological Responses and Can Limit the Provision of Ecosystem Services

Depending on rainfall and salinity conditions, closed estuaries can become hyper- or hyposaline.
Along the semi-arid west coast, hypersaline conditions occur regularly during closed phases,
whereas hyposaline conditions are common on South Africa’s subtropical east coast (Figure 3).
However, many east coast estuaries have lost their marine connection to the sea owing to encroachment
by infrastructure. EFlow assessments use the duration and extent of salinity penetration as a key
indicator to evaluate estuary health state, and where possible, recommend mitigation measures that
control salinity regimes to protect estuary biodiversity and productivity. Common to hypersaline
estuaries is a low freshwater supply that persists for varying times, relatively long water residence
times, high evaporative loss from the estuary basin, and temporary loss of connectivity to the sea [69].
South Africa’s arid environment has resulted in a number of case studies that highlight the relationship
between flow, salinity regimes, and biotic responses. In the hypersaline Groen Estuary (Figure 3),
biotic recruitment from the marine environment follows mouth opening, but species disappear
progressively as salinity increases and threshold salinity values are reached. Salinity ranged from
223 in the lower reaches to <10 upstream over a distance of <1 km [70]. In the Seekoei Estuary,
fish kills occurred when salinity rose above 90. Mass mortality of estuarine fish is also associated
with exposure to low salinity (<6) resulting from extended closed-mouth conditions [71]. The sand
prawn (Callianassa kraussi) cannot breed in salinity less than 20, suggesting that infrequent mouth
openings substantially reduce populations [72]. Dieback of vegetation due to salinity changes results
in the destabilization and erosion of banks with potential flooding of surrounding properties (Table 1).
Where no site-specific information is available, generic abiotic-biotic (driver-response) relationships
are extrapolated to systems that share characteristics in EFlow studies.

4. Principles for the Determination of EFlows for Temporarily Closed Estuaries

Completed EFlow studies in South Africa were critically assessed for lessons learnt and to identify
key principles (Table 3). These principles are specific to temporarily closed estuaries, with a bias
towards smaller-sized classes by global standards (<500 ha in size). This unique subset of estuaries
often requires additional considerations in the determination of EFlows and associated management
mitigations, such as the importance of mouth state, and related sensitivity to water quality and water
level change. EFlow determination for estuaries lags behind that of river assessments; these principles
can be used globally to assist in the setting of EFlows for similar types of estuaries.

4.1. Principle 1: EFlows Are Unique for Every Estuary

The way in which estuaries are influenced by freshwater inflow is the result of flow patterns that
occur over weeks or months. Strong longitudinal abiotic gradients develop and change in response
to tides and freshwater inflow and, in turn, influence biotic composition and function. The size,
shape (bathymetry and topography), and characteristics of the freshwater inflow regime of an estuary
determines its EFlow requirements. Each one has unique elements that govern its sensitivity to
freshwater inflow modifications. For example, large estuarine lakes experience changes in water level
and salinity on annual time scales, whereas smaller closed estuaries experience these on a monthly
scale. In general, the smaller an estuary, the more sensitive it will be to a modification in river flow [32].
While low flows are generally associated with closed-mouth conditions and high flows (particularly
episodic flood events), with open mouth conditions, actual flow magnitudes are specific to each
estuary and have little relevance to others. Table 3 indicates the river flow at which the mouth closes
for different estuaries. This is not related to the MAR or the present ecological state of the estuary.
The objective of EFlow studies in South Africa is to maintain the natural mouth phase regime of
an estuary, whether it be predominantly open or closed most of the time, and thus supports natural
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functions and ecosystems services. Only in exceptional circumstances, e.g., as a result of historical poor
land-use planning or management of effluent and storm water, will deviation from what is natural be
deemed an appropriate management response.

Table 3. Key lessons from EFlow case studies that advanced the understanding of the relationship
between flow and estuary response.

Great Brak Estuary [73–76]

• Releasing water from dams can supply the required EFlow but floods are still needed to flush the estuary of
sediment and organic load (Principles 3, 7).

• Flow released in spring and summer promotes salt marsh growth and fish and mudprawn recruitment from
the sea into the estuary (Principle 1).

• Artificial breaching increases sedimentation. Sand berm during closed phase increases over four months to
reach maximum levels (Principle 5).

• Need to sample in closed and open phase to determine ecological health as tidal flushing by sea water
“masks” pollution and leads to an “optimistic” evaluation of water quality status (Principles 4, 8).

• Macroalgal blooms indicate deterioration in water quality, a relationship not detected in water column
nutrient measurements (Principle 8).

• Abiotic and biotic indicators need to be monitored representing a range of trophic groups. “Higher”
organisms add cost to a monitoring program, but are good integrators of ecological health (Principle 8).

• Long-term time series are needed to provide information on event-scale responses, e.g., droughts, extended
mouth closure, and extreme coastal storms (Principles 8, 10).

Uilkraals Estuary [77]

• Small reduction in baseflow can cause mouth closure (Principle 2).
• Dam construction and capture of low flows caused the mouth to close for the first time; it was previously

permanently open (Principle 1).
• Significant inflow is needed to flush open the closed system as the estuary water surface area is large relative

to the Mean Annual Runoff (Principle 1).
• Closed mouth conditions lead to nutrient enrichment from catchment inputs (Principle 4).

Mhlanga Estuary [31,44]

• Increased flow from wastewater treatment works increased the frequency of mouth opening and resulted in
an unstable system (Principle 6).

• Decline in estuary health was caused by eutrophic conditions and unnatural, frequent mouth breaching.
(Principle 6).

• Sand berm increased rapidly over seven days to reach its maximum height as a result of wave exposure along
sediment-rich coastline (Principle 1).

Goukamma Estuary [73,78]

• Desktop study found the estuary to be in a good condition but subsequent monthly sampling exposed
the negative impact of poor land-use and agricultural practices in the catchment that lead to eutrophic
conditions (Principles 8, 9).

• There was a deterioration in water quality owing to surrounding dairy farming (Principle 6).
• Field- and long-term-monitoring data are needed for high-confidence EFlow assessments (Principles 8,9,10).

East Kleinemonde Estuary [58,79,80]

• This is a small estuary usually almost permanently closed and therefore not sensitive to baseflow reduction.
Floods play a key role in maintaining/controlling the mouth regime (Principles 1, 3).

• Daily flow data and water level recordings are important to set EFlows. Relationships are established
between abiotic drivers and biotic response (Principle 8).

• Salt marsh dies when the mouth closes and water level increases but colonizes rapidly when habitat becomes
available (Principle 8).

12



Water 2020, 12, 1944

The wave climate and tidal regime at an estuary’s location, and associated cross-shore
and longshore sediment transports, are key factors influencing mouth functioning. For example,
the temporarily closed Mngazi Estuary drains a much larger catchment area than the predominantly
open Mngazana Estuary, but closes to the sea as the mouth is exposed to high wave energy and sediment
deposition. On the other hand, a rocky headland at Mngazana Estuary leads to increased turbulence
and scouring of the channel, preventing sediment deposition and provides protection from wave action
(Figure 4). In addition, the neap tidal volume of the estuary (170,000 m3) is larger than the Mngazi
Estuary (65,000 m3), indicating that tidal flows assist in keeping the mouth open under higher wave
conditions. The median flow (50th percentile) for the Mngazana Estuary is 0.3 m3 s−1 compared to
0.6 m3 s−1 in the Mngazi Estuary. Due to wave refraction and diffraction around the headland at
Mngazana mouth, a rip current is often generated, which flows adjacent to the rocky shoreline towards
the sea. This current assists in removing sediment from the mouth area. These factors contribute to
keeping the Mngazana Estuary permanently open. This shows the need for site-specific data for EFlow
assessments and shows that EFlow requirements cannot be extrapolated from one adjacent estuary to
the others without considering site-specific variances.

 
Figure 4. Characteristics of the predominantly open Mngazana Estuary compared to the temporarily
closed Mngazi Estuary.

Along high-energy coastlines, the mouths of TCEs can close within days to weeks because flows
from relatively small catchments rapidly decrease below the volumes needed to maintain an open
mouth, while the mouths of more protected TCEs may only close after a few months. For example,
at the larger Great Brak TCE (105 ha), tidal flows through an unrestricted (non-perched) mouth
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assist in maintaining open mouth conditions. Mouth closure occurs over neap tides and high wave
conditions during low flow periods (Table 4). In other small estuaries, e.g., Little Amanzimtoti (10 ha)
and Mbokodweni (18 ha), mouth opening and closing often occurs in less than a day during low-flow
conditions. Such systems can be open for a few hours at a time depending on the rate at which the sand
berm at the mouth is built by the sea. Aided by high wave energy and high volumes of suspended
sediment, the height of the sand berm at the Mhlanga Estuary in KwaZulu-Natal (KZN) increased
over seven days to reach its maximum [49], while the Great Brak Estuary took up to four months to
reach similar levels [73].

Table 4. Relevant data on the percentage Mean Annual Runoff remaining, and flow required to
maintain an open mouth in temporarily closed estuaries. Estuary size (ha) is provided as a proxy for
tidal flows, while wave exposure is rated from very exposed to protected. Mouth constriction (perched
above normal tidal action) is indicated and the resultant annual percentage open mouth conditions are
provided as an indication of the interplay between runoff, tidal flows, and wave exposure. These data
were extracted for each estuary from reports of the Department of Water Affairs. Estuaries are listed
from west to east (Figure 2) and are classified as large and small temporarily closed, as per [8].

Estuary
Present

Ecological State
Natural MAR

(× 106 m3)

% of Natural
MAR to Maintain

Present State

River Flow at
Which Mouth
Closes (m3 s−1)

Estuary
size (ha)

Wave
Exposure

Mouth Perched
above Normal
Tidal Action

% Mouth Open

Palmiet (large) Moderately
modified 255 63 0.3–1 33 Medium

exposure Yes 99–75

Onrus
(small) Largely modified 9.6 77 0.015 11 Medium

exposure Yes 50–25

Great Brak
(large) Largely modified 36.79 44 <0.3 105 Exposed No 50–25

Gwaing
(small)

Moderately
modified 26.64 75 <0.2 9 Protected No 99–75

Goukamma
(large) Near Natural 57.5 85 <0.5 18 Very

Exposed No 99–75

Matjies (small) Near Natural 5.10 84 <0.03 3 Medium
exposure Yes 75–50

Tsitsikamma
(small) Near Natural 19.90 67 <0.05 7 Exposed Yes 75–50

East
Kleinemonde

(large)
Near Natural 2.856 96 <0.03 59 Protected Yes 50–25

Mngazi (large) Near Natural 84 97 <0.3 17 Very
Exposed No 75–50

Little
Amanzimtoti

(small)
Highly degraded 2.8 232.5 <0.03 10 Exposed Yes 75–50

Mbokodweni
(large) Highly degraded 31.5 169.8 <0.2 18 Very

Exposed Yes 99–75

Mhlanga
(large) Largely modified 12.4 158 <0.4 83 Very

Exposed Yes 50–25

Mdloti
(large) Largely modified 98.7 73 <0.3 58 Very

Exposed Yes 50–25

Tongati (large) Largely modified 70.79 111.9 <0.4 37 Very
Exposed Yes 99–75

Siyaya (small) Highly degraded 6.5 71 <0.3 10 Very
Exposed Yes 25–0

4.2. Principle 2: A Small Reduction in Baseflow Leads to Mouth Closure

A small reduction in baseflow can cause the mouth of an estuary to close. The relatively large
286 ha Uilkraals Estuary (Figure 5, Table 2) changed from a predominantly open to a temporarily
closed estuary following the construction of the Kraaibosch dam 10 km upstream from the mouth.
The estuary now receives 70% of its natural MAR [77] and the mouth closes at flows less than 0.03 m3

s−1 (Figure 5). The EFlow study for this estuary recommended that invasive alien plants be removed
from the catchment in an effort to restore dry season baseflow. While a relatively low flow rate is
needed to keep the Uilkraals mouth open, which is protected from wave energy, much higher flow rates
may be needed for estuaries located along high-energy beaches, such as those of the KwaZulu-Natal
south coast (Figure 3). Changes in annual flow rates given as a percentage change in mean annual
runoffmask the degree to which seasonal flows can be modified. For example, while the MAR may
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only be modified by 10%, the dry-season baseflows may be altered by as much as 50%, thus stressing
the importance of baseflow regimes in EFlow allocations to ensure the flow of ecosystem benefits.

 

Figure 5. The Uilkraals Estuary open in 2006 (left) and closed in 2019 (right).

4.3. Principle 3: Floods Flush and Reset Closed Estuaries

Floods are the most important natural means of eroding and transporting sediment from estuaries.
Large volumes can be rapidly removed during major floods, with a return period of 1 in 20 years
or more. Floods therefore determine the equilibrium between sedimentation and erosion (Figure 6).
Smaller floods with return periods of 1–2 years can sometimes also have a significant influence [81].
The annual runoff of South African rivers is highly variable and unpredictable compared with larger
Northern Hemisphere systems, and fluctuates between floods and extremely low to zero freshwater
inflow [82,83]. Droughts and floods determine the envelope in which estuaries operate [84] and must be
included in EFlow assessments. Accumulated sediment is both catchment-derived and transported into
estuaries on flood tides by longshore coastal currents. Soil erosion in catchments poses a major threat to
estuaries and can cause rapid infilling of small systems [24,85]. In the small Onrus Estuary (10 ha), flows
of ~2 m3 s−1 (Oct 2012) resulted in mouth opening but no sediment scouring (Figure 7a). Larger flows of
between 4 and 12 m3 s−1 (August to December 2013) were required to remove accumulated sediments
and organic matter and to reset the sediment cycle and tidal conditions (Figure 7b).

Figure 6. Longitudinal view of a temporarily closed estuary showing the influence of freshwater
inflow on the accumulation of sediment and organic matter during closed, artificially breached,
and flood-scoured phases.
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Figure 7. Relative water level (m) (blue line) and freshwater inflow (m3 s−1) (red line) measured at
the Onrus Estuary in 2012 (a) and 2013 (b).

4.4. Principle 4: Open Mouth Conditions Maintain Good Water Quality

When the mouth of a closed estuary opens and normal tidal exchanges occur, regular flushing
improves water quality (Figure 8) [66]. Reduced flow and no tidal exchange leads to higher water
retention times and limited mixing that creates eutrophic and polluted conditions, particularly in
urbanized freshwater-dominated estuaries. To illustrate these cause-effect relationships, increased
freshwater abstraction upriver of the Palmiet Estuary has increased the duration and frequency of
closed mouth conditions and has resulted in the development of algal blooms and anoxic conditions,
particularly in the stratified, deeper waters [32]. EFlow assessments can prescribe a minimum baseflow
to maintain open mouth conditions and resultant tidal flushing [28]. Flow releases and mouth states
should always mimic the natural conditions and maintain historically established mouth dynamics.
In Southern California, temporarily closed estuaries have been changed to permanently open under
the pretext of restoration. This has resulted in changes to habitat types because the closed state is
essential to normal estuarine function. For an activity to be restorative, it should follow natural
hydrological and sediment dynamic regimes [22].

 

Figure 8. Longitudinal view of a temporarily closed estuary, illustrating how open mouth conditions
ensure tidal flushing and good water quality.
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In urban estuaries affected by low-lying development and nutrient enrichment, management
objectives can also focus on the maintenance of water quality for socio-economic and human health
reasons [86]. In these systems, artificial breaching of the mouth to flush out contaminants is seen
as a solution to ameliorate poor water quality. The mouth of the Zand Estuary in South Africa
has been actively managed to facilitate the penetration of seawater on spring tides, thus keeping
the estuary well flushed in the low flow season. Reduced water residence times and elevated
salinity limited the occurrence of harmful algal blooms, bacterial contamination, and fish kills [87].
However artificial breaching as a flow mitigation measure without supporting freshwater input
from the catchment can result in reduced water column depth and increases stress on resident biota
by exposing communities to low oxygen bottom waters that occur in enriched systems [88–90].
Artificial breaching is thus not advocated as a mitigation for poor water quality and this should rather
be addressed at source. Restoration of morphological complexity including green infrastructure such
as wetlands will help retain sediment and nutrient inputs, thus mitigating adverse water quality. In
addition, artificial breaching of an estuary with poor water quality can pose a risk to near shore marine
ecology and users (e.g., recreational beaches or aquaculture facilities). This aspect is less relevant for
small estuaries (with small volumes) discharging in high energy coastal environments that assist with
dilution of pollutants.

4.5. Principle 5: Artificial Breaching Causes Sedimentation

Artificial breaching as a flow mitigation measure needs to be practiced with caution because,
besides the adverse ecological effects, it leads to sedimentation and thus reduced flushing in an estuary
(Figure 9). Estuaries are frequently breached to lower water levels and reduce floods risks to low-lying
development. Artificial breaching is usually advocated when an estuary is closed for a prolonged period.
Flooding of the causeway for extended periods at the Seekoei Estuary, which has seen substantial flow
reduction, provided the motivation for artificial breaching. However, its estuary management plan
indicates that mouth management only would not restore estuary function, and freshwater inflow is
essential to maintain estuary health [91].

Figure 9. Longitudinal view of a temporarily closed estuary showing the influence of artificial breaching
on sediment scouring and flushing.
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When breaching occurs at natural levels (often 1–2 m higher than at present), a large volume
of water flows out to sea over an extended period which, in turn, scours sediment from the lower
and middle reaches of the estuary (Figure 9). The sediment flushing potential increases exponentially
with increasing outflow velocities. When breaching takes place at lower water levels, flushing intensity
is reduced and sediment accumulates. This practice also disrupts normal deposition-erosion cycles
and reduces the scouring effectiveness of subsequent breaching. Consequently, the berm widens
and estuary channels constrict [64].

Environmental Impact Assessment legislation in South Africa makes provision for the formulation
of a Mouth Management Plan (captured in an operational Maintenance Management Plan) that
enables artificial breaching to be based on sound scientific knowledge of estuary function. Timing of
breaching must take ecological processes, such as fish and invertebrate recruitment, into account.
Artificial breaching practices are not advocated as a mitigation measure for freshwater inflow reduction
as it comes with its own long-term impacts, but where it is an established practice, it should be
integrated into EFlow studies and freshwater allocated to support the mitigation where needed.

4.6. Principle 6: Wastewater Input and Agricultural Return Flow Can Cause Unstable Conditions

Increased inflow volumes from wastewater treatment works can be detrimental because increased
baseflows and higher water levels cause more frequent mouth openings in TCEs (Figure 10a) causing
ecological instability, low biotic diversity, and biomass. At the Mhlanga Estuary, sewage discharge
and growing urbanization have resulted in freshwater inflow volumes increasing by 158% to a present
MAR of 19.6 × 105 m3 [92]. Consequently, the estuary has changed from being predominantly
closed to predominantly open. For example, between March 2002 and March 2003, the mouth
opened 23 times and the ecosystem became unstable with reduced microalgal biomass and low
biodiversity [49]. Because the estuary is perched above mean sea level, it drains when the mouth
opens. Water levels fall and much of the floodplain becomes permanently exposed, losing important
invertebrate and fish habitats. Reed beds dry out and periphyton, which forms the base of the food
chain, no longer grows. Limited reed productivity reduces detrital input to the ecosystem, affecting
the entire food chain, especially detritivore fish [93]. In some smaller closed estuaries, such the Tongati
(37 ha), input from the wastewater treatment works in the dry season exceeds the minimum flow
by approximately 300% and keeps the mouth open. Eutrophic freshwater conditions that develop
in small closed KwaZulu-Natal systems promote colonization by invasive aquatic plants such as
water hyacinth [31,66]. EFlow assessments that aim to improve estuary ecological status will focus on
returning the flow regime as close as possible back to natural, which may involve diversion or reuse
of wastewater.

4.7. Principle 7: Water Released from Dams to Supplement the EFlow Cannot Replace the Natural Flow Regime

Releasing water from upstream dams to keep an estuary mouth open can be viewed as a mitigation
strategy to reduce the impact of reduced freshwater inflow (Figure 10b). There is little published on this
as dam releases are mostly used as a mitigation measure in river ecosystems. In South Africa, freshwater
releases from the Wolwedans Dam upstream of the Great Brak Estuary facilitated the development
of an in-depth understanding of estuarine EFlow requirements as an early case study (Table 2).
Thirty years of monitoring and adaptive management involving scientists, government departments,
and citizens refined the flow releases and subsequent management practices [81]. Planned releases in
spring and summer allowed the mouth to remain open and improved its ecological health by supporting
salt marsh growth, fish, and mudprawn recruitment [73]. However, while the dam releases maintained
open mouth conditions, they did not ensure sustained good water quality. When closed, decomposition
of residual organic material caused oxygen stress to fish, and the development of macroalgal blooms
indicated deteriorating water quality that nutrient measurements alone did not reveal [38,73–76].
Floods are therefore needed to flush out organic material accumulated during the closed period. In
addition, natural flood patterns act as a queuing factor to attract juvenile fish and invertebrates to
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the estuary as nursery habitats. Most South African dams were not, however, designed for flood
releases and cannot meet this EFlow requirement to support critical ecosystem services.

Figure 10. Graphics comparing (a) natural and elevated baseflows, highlighting their effect on estuary
mouth condition, and (b) flow patterns from natural flow regimes and those of regulated dam releases.

4.8. Principle 8: Field and Long-Term Data Are Needed for High-Confidence EFlow Assessments

The availability of high-confidence data influences the reliability of EFlow study outcomes.
Funds are often too limited to support the acquisition of sufficient detail, which leads to low-confidence
results [32]. Confidence in hydrology data are particularly important. Essential relationships between
flow, hydrodynamics, sediment dynamics, water quality, and biotic responses can only be determined
from field data collected concurrently. Discipline-orientated data sets are often unrelated to influencing
environmental factors [41]. Long-term water level data and mouth state observations allow for
the correlation between mouth state and specific flow ranges in TCEs. For high-confidence studies
and accurate assessments of estuary health, closed systems must also be sampled in the open and closed
mouth states (Table 2).

Although the Great Brak Estuary was monitored for 12 years, an accurate assessment of ecological
health was only achieved once the “higher trophic level” biotic components, particularly fish, were
included [73]. The Goukamma Estuary, situated in a scenic protected area, was thought to be in
good condition until regular sampling of the water column exposed eutrophic and anoxic conditions
in highly stratified bottom waters caused by inputs from surrounding dairy farms ([78], Table 3).
Artificial breaching of an estuary mouth can confuse the understanding of the relationship between
freshwater inflow and mouth condition unless there are accurate long-term records. Field and long-term
monitoring data are thus especially needed at modified systems to assess the environmental flow
requirements of estuaries. Figure 11 (modified from [55]) indicates an excellent long-term data set for
water level, fish abundance, and mouth state that was used to identify status and trends needed to set
high-confidence EFlows.
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Figure 11. Graphic illustration of the long-term data for water levels (yellow line), fish abundance
(blue bars), and mouth state used to identify trends and patterns on which high-confidence EFlow
assessments were based (modified from [55]).

The EFlows method used in South Africa analyses changes in runoff on a monthly time scale.
This scale is inadequate for small estuaries as they are highly variable and respond to daily flows [32].
Reliable EFlow requirement estimations sometimes need flow data on a daily basis to quantify
and incorporate high variability. The installation of flow gauges and water level recorders at
TCEs enable important relationships between abiotic drivers and biotic responses to be measured
and incorporated. Such long-term monitoring data were used, for example, to link macrophyte
response to changing mouth conditions in the unmodified East Kleinemonde Estuary (Table 4).
Established flow-response relationships for critical ecosystem services can, in turn, be extrapolated to
similar systems where observational data are absent, thus increasing confidence in EFlow assessments.

4.9. Principle 9: Monitoring Must Take Place in a Strategic Adaptive Management Cycle

Most EFlow studies emphasize the need for detailed resource monitoring such as water level
recordings, continuous gauging of river inflow, mouth observations, longitudinal and vertical salinity
distributions, and monitoring of nutrient concentrations and selected biotic components. Table 5
shows the data required for an EFlow assessment (Figure 2). Resource monitoring assesses whether
the allocated EFlow is achieving the desired state (health category) and associated ecosystem services
(as captured in ecological condition categories). Each EFlow assessment identifies the monitoring
required for selected abiotic and biotic components and specifies the temporal and spatial scale required
for interpretation. Optimal frequency and duration of measurement is indicated where appropriate
(Table 5), however, because of the variability of estuaries’ high-confidence studies would benefit from
continuous monitoring and frequent measurements. This mostly does not take place because of limited
resources (funding and human).

Implementation of EFlows and compliance monitoring must take place in an adaptive management
cycle as natural systems can behave in complex manners and resource use changes over time,
thus requiring modifications to EFlow allocations to achieve management objectives (Figure 12a).
This “learning-by-doing” approach is well documented in ecological monitoring programs [94].
Finally, the national department responsible for water initiated a National Estuary Monitoring
Programme in South Africa where the first tier focused on abiotic parameters and the second tier
monitored biotic parameters [95]. Significant funding constraints has however halted progress with
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this program. This emphasizes the need to secure high-level government support and to embed
monitoring in regional or national budgets.

 

Figure 12. (a) The Strategic Adaptive Management cycle for the implementation of EFlows and compliance
monitoring, and (b) Sectors involved in a catchment-to-coast integrated management approach.

4.10. Principle 10: Catchment to Coast Integrated Management Approach Needed

Small catchments mean TCEs are sensitive to local land use changes. This necessitates a holistic
catchment-to-coast management approach that requires collaboration across government departments
and sectors (Figure 12b). The Integrated Water Resource Management (IWRM) process captures some
of this complexity and EFlows are an important component [30]. Estuaries are subjected to multiple
pressures, e.g., artificial breaching and biological invasions [7], and need to be assessed as part of an estuary
EFlow assessment to ensure that desired state objectives are achievable. Co-operative governance can
address non-flow related impacts. For example, fishing during the closed mouth state in a small
estuary can constitute “mining” of estuarine-dependent species. This requires fisheries management
interventions to ensure stock recovery. Implementing EFlows is an important component of estuary
restoration and a socio-ecological systems approach is necessary to achieve estuary health, ecosystem
services, and human wellbeing objectives [86]. The Emerald Growth concept of Tagliapietra et al. [96]
presents a new framework for managing ecological quality by analyzing socio-economic growth
and human well-being as part of ecosystem services of transitional waters. The determination of EFlow
allocations should be a cross-sectorial endeavor because reduced flows to estuaries have effects in
sectors such as fisheries, tourism, and biodiversity [31]. Many of these sectors are regarded as “just
another stakeholder” in water management instead of becoming an integral part of steering or oversight
committees leading EFlow processes. Integration would allow broad discussions across all sectors, not
only from a water supply perspective. In South African EFlow studies, international obligations (e.g.,
Ramsar, Convention on Biological Diversity) are often not achieved owing to an under-representation of
sectors in decision-making. In order to ensure a sustainable flow of ecosystem services, EFlows should
thus not be set in isolation from other sector objectives.
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Table 5. Data and monitoring pre-requisites for EFlow studies (modified from Taljaard et al. 2003, [97]).

Component
Baseline Data and Monitoring Requirements for

High-Confidence EFlow Studies

Hydrology

Primary catchment delineation.

Measured rainfall data in the catchment (or a representative adjacent
catchment) for 50 years.

Hydrological parameters (evaporation rates, radiation rates, soil
permeability, catchment land use) based on long-term studies.

Measured river inflow data (gauging station) at the head of
the estuary over 5–20 years.

Record of flow reduction activities (e.g., abstraction, impoundment)
and flow enhancement activities (e.g., discharges, transfer schemes).

Flood hydrographs (hourly measurements at calibrated weir) for
a range of flood size classes and preferably for a minimum of 50
years.

Bathymetry

Bathymetric/topographical surveys including berm height, cross
sections at 10–50 m in the mouth region, cross section profiles at 500
to 1000 m intervals upstream of the mouth, and floodplain
topography preferably done with Lidar. Repeated every 3 years
and after episodic events like floods to record changes
and erosion/deposition cycles.

Hydrodynamics

Continuous water level recordings near estuary mouth (but away
from wave action). Minimum period of 5 to 20 years depending on
frequency of breaching.

Water level recordings at 2 to 6 stations along the length of
the estuary over a spring and a neap tidal cycle (14 days). Data are
used for model calibration. In large complex estuaries recorders to
be left for ongoing monitoring.

Daily mouth state observations (open/closed/overtopping),
particularly those with a semi-closed mouth state. Minimum period
of 5 to 20 years depending on frequency of breaching.

Stationary camera observations of mouth behavior. Minimum
period of 5 to 20 years depending on frequency of breaching.

High resolution historical aerial photography and satellite imagery
(1:10,000 scale), preferably rectified going as far back as historically
possible (e.g., in South Africa 1920s). Old maps, anecdotal
information and farm records are also used to determine natural
process regimes.

Data on wave conditions near mouth (minimum period of 5 to 20
years).

Sediments

Sediment samples collected along length of entire estuary at 500 to
1000 m intervals using a Van Veen or a Zabalocki-type Eckman grab
(to characterize recent sediment movement) for particle size analyses.
Samples preferably collected at 3-year intervals and after floods.

Sediment core samples collected using a corer (for historical
sediment characterization) at intervals similar to cross-section
profiles (see bathymetry) or where considered appropriate by
sediment specialist. Collected at 3-to-6-year intervals and after
floods.

Long-term suspended sediment load near head of estuary over 5–15
years (including detritus component—particulate carbon/loss on
ignition), needed to compile sediment transport curve for river
inflow.
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Table 5. Cont.

Water quality

Quarterly/monthly longitudinal profiles (salinity, temperature,
oxygen, pH, turbidity, nutrients) along the length of the estuary
collected over a spring and neap tide during high and low tide with
a focus on the end of low flow season and the peak of high flow
season. Preferably for 5 to 20 years.

If possible, long-term stationary in situ salinity and temperature
loggers (minimum wet-dry cycle) placed in the lower, middle,
and upper estuary reaches. Minimum period of 5 to 20 years
depending on frequency of breaching.

Water quality (e.g., system variables, nutrients, and toxic substances)
measurements for river water entering at the head of the estuary
and for nearshore seawater. Minimum period of 5 to 20 years, but
ongoing preferable.

Measurements of organic content and toxic substances (e.g., trace
metals and hydrocarbons) in sediments along the length of
the estuary for urban estuaries (once off).

Microalgae

Quarterly data on relative abundance of dominant phytoplankton
groups, i.e., flagellates, dinoflagellates, diatoms, and blue-green
algae, during typical high and low flow conditions preferably for
a series of years, thereafter every 3 years.

Quarterly chlorophyll-a measurements taken at the surface, 0.5 m
and 1 m depths, under typically high and low flow conditions,
preferably for a series of years, thereafter every 3 years.

Quarterly intertidal and subtidal benthic chlorophyll-a
measurements preferably for a series of years, thereafter every 3
years.

Macrophytes

Aerial photographs or high resolution satellite imagery of
the estuary (ideally 1:5000 scale) reflecting the present state
and reference condition (earliest year available). A GIS vegetation
map indicating the present and reference condition distribution of
the different macrophyte habitat types (e.g., salt marsh, mangroves,
reeds, and sedges) to be repeated every 3 years.

Number of macrophyte habitat types, identification and total
number of macrophyte species, number of rare or endangered
species, or those with limited populations documented during
a field visit. The extent of anthropogenic impacts (e.g., trampling,
mining) must be noted. To be repeated every 3 years.

Permanent transects (fixed monitoring stations that can be used to
measure change in salt marsh in response to changes in salinity
and inundation patterns) set up along an elevation gradient.
Measurements of percentage cover of each plant species in duplicate
quadrats (1 m2). Measurements of sediment salinity, water content,
depth to water table and water table salinity. These data should be
available for low- and high-flow periods and repeated every 3 years.
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Invertebrates

Species and abundance of zooplankton, based on quarterly samples
collected across the estuary at each of a series of stations along
the estuary. Sampling stations must be representative of
the substrate and salinity zones typical of a particular estuary, e.g.,
0–10, 10–20, 20–30, >30.

Benthic invertebrate species and abundance, based on subtidal grab
samples and intertidal core samples at a series of stations up
the estuary, and pump sampling or counts of hole densities.
Sampling stations must be representative of the substrate
and salinity zones characteristic of the estuary.

Macrocrustacean species and abundance based on sampling at each
station using a benthic sled with flow meter, prawn/crab traps,
and appropriate gear for shoreline.

Measures of sediment characteristics at each station. In situ water
quality variables need to be collected at time of sampling (e.g.,
salinity, temperature, oxygen). These data should be available for
summer and winter seasons of the year, or for low- and high-flow
periods every 3 years.

Fish

Species and abundance data of fish, based on quarterly seine net
and gill net sampling, with less gill net than seine samples. In small
estuaries, these nets should only be used in the mouth, middle,
and upper reaches. Sampling stations must be representative of
the salinity zones characteristic of the particular estuary, i.e., 0–10,
10–20, 20–30, >30 (at least one station should be in this range).
Within each salinity zone, representative habitats need to be
sampled, such as submerged macrophytes, prawn beds, sand flats
(representing different food sources). In situ water quality variables
need to be collected at time of sampling (e.g., salinity, temperature,
oxygen).
The number of seine net stations in a small estuary (<5 km long)
should not be <5, distributed along the length of the estuary. For
larger estuaries, 10 to 15 seine net stations selected geographically
along the entire length of the estuary. A rough estimate for setting
the distance between stations is to divide the length of the estuary by
10 (i.e., if an estuary is 30 km long, the distance between stations
should be about 3 km).
These data should be available for four seasons of the year, or for
low- and high-flow periods in a series of years. To be repeated every
3 years.

Birds

One year of monthly counts of all water-associated birds, by species,
for the whole estuary, preferably separated into counting areas
and/or a series of at least 10 years of summer and winter counts, in
addition to historical data on the same.

5. Conclusions and Recommendations

Increasing human pressures on estuaries highlights the need for effective EFlow assessments for
these systems. TCEs are threatened by relatively small levels of water abstraction and related changes
in mouth condition. Similarly, small changes in water quality in high retention systems can lead to
a rapid degradation in overall condition. This is further exacerbated by poor land-use, over exploitation
of living resources, and artificial breaching. EFlows should always be assessed in the context of natural
estuary functioning, present management actions, and restoration activities needed to maintain or
improve conditions.

This article highlights 10 principles that underpin the determination of EFlow requirements
(Table 6). Principles 1–4 address recommendations for EFlows, namely the importance of base flows,
floods, and open mouth conditions and that each estuary is considered unique as EFlow requirements
do not transfer well between systems. Principles 5–7 address some of the pressures such as additional
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flows, artificial breaching, and water releases from dams. These are mitigation and management actions
that need to be addressed in EFlow studies. Principles 8–10 consider monitoring and management
recommendations relating to long term monitoring, strategic adaptive management, and an integrated
catchment-to-coast approach. These 10 principles can be adapted to TCEs in climatic settings similar to
those in South Africa. Globally, studies have incorporated social, economic, and cultural issues into
integrated water resources management frameworks. The emerging frontier of EFlows is an essential
strategy that links the maintenance of ecological integrity with social wellbeing.

Table 6. Summary of the 10 principles to determine the EFlows for temporarily closed estuaries.

Principle 1 EFlows are unique for every estuary

Principle 2 A small reduction in baseflow leads to mouth
closure

Principle 3 Floods flush and reset closed estuaries

Principle 4 Open mouth conditions maintain good water
quality

Principle 5 Artificial breaching causes sedimentation

Principle 6 Wastewater input and agricultural return flows
can cause unstable conditions

Principle 7 Water released from dams to supplement
the EFlow cannot replace the natural flow regime

Principle 8 Field and long-term data are needed for
high-confidence EFlow assessments

Principle 9 Monitoring must take place in a strategic adaptive
management cycle

Principle 10 Catchment to coast integrated management
approach needed

The 10 key principles identified from evaluating several completed studies can be used to guide
the allocation of estuarine EFlows. Although EFlow implementation is often slow, there have been
successes. EFlows have, for example, prevented the issuing of water use licenses in stressed catchments
and in ecologically sensitive estuaries where EFlow requirements are high. They have guided plans to
divert sewage effluent in an effort to restore its health. Water demand and/or the need for wastewater
disposal in urban areas, however, means that the health of some systems will never be improved.
The “learning-by-doing” approach would benefit from a globally based comparative assessment of
successes and failures in implementing estuary EFlows so that lessons learnt can be shared.

Challenges facing the implementation of EFlows include those related to a changing climate, which
will shift baselines for estuary management and prompt a precautionary approach to development.
Implementation of EFlow requirements is necessary to improve the resilience of estuarine ecosystems.
Essential elements of climate-related change need to be integrated into estuary management plans
and governance policies.
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arturas.razinkovas-baziukas@ku.lt
4 Laboratory of Climate and Water Research, Nature Research Centre, Akademijos str. 2,

LT-08412 Vilnius, Lithuania; julius.taminskas@gamtc.lt
* Correspondence: ramunas.povilanskas@ku.lt; Tel.: +370-615-71-711

Received: 17 February 2020; Accepted: 19 March 2020; Published: 22 March 2020

Abstract: The aim of the present paper is to propose and elaborate on the concept of Emerald
Growth as a new framework concept for managing ecological quality and ecosystem services of
transitional waters. The research approach combines the longstanding experience of the authors of
this article in the investigation of transitional waters of Europe with an analysis of relevant European
Union directives and a comparative case study of two European coastal lagoons. The concept
includes and reassesses traditional knowledge of the environment of lagoons and estuaries as an
engine for sustainable development, but also proposes locally tailored approaches for the renewal
of these unique areas. The investigation results show that the Emerald Growth concept enables to
extricate better specific management aspects of ecosystem services of transitional waters that fill-in the
continuum between the terrestrial (Green Growth) and the maritime areas (Blue Growth). It results
from adjusting of both Green Growth and Blue Growth concepts, drivers, indicators and planning
approaches regarding durable ways of revitalising coastal communities and their prospects for
sustainable development. We conclude that the Emerald Growth concept offers a suitable framework
for better dealing with complex and complicated issues pertinent to the sustainable management of
transitional waters.

Keywords: Adriatic Sea; Baltic Sea; Curonian Lagoon; Emerald Growth; Lesina Lagoon; MSFD;
MSPD; transitional waters; WFD

1. Introduction

The Water Framework Directive of the European Communities (WFD, 2000/60/EC) was the first
official document introducing the term ‘transitional waters’ in 2000 to describe the aquatic continuum
between freshwaters, coastal waters and marine waters. ‘Transitional waters’ are hence defined by the
European Communities as “bodies of surface water in the vicinity of river mouths which are partially
saline in character as a result of their proximity to coastal waters but which are substantially influenced
by freshwater flows”.

Transitional waters are diverse, productive, ecologically important systems of a global scale that are
valued for the services they delivered to human societies since the Paleolithic age. Transitional waters
provided food, transportation routes, shelter (e.g., Venice). They also served as natural wastewater
treatment systems. However, ecosystem goods and services delivered by transitional waters are
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insufficiently understood, in spite of being essential for a holistic consideration of sustainability
conditions of the vast coastal and marine continuum. Therefore, any mismanagement of transitional
waters might cost profoundly.

In the context of maritime spatial planning (MSP), the Land-Sea-Interaction (LSI) has been more
addressed and studied, and the EU Maritime Spatial Planning Directive (MSPD, 2014/89/EU) refers to
an interplay between the Integrated Coastal Zone Management (ICZM) and MSP. Albeit transitional
waters play a pivotal role in LSI, and, as a consequence, in the MSP processes, the peculiarities of
their management and planning are largely ignored by policymakers. In transitional ecosystems, the
dynamic LSI patterns result in peculiar economical uses that need specific management and planning
efforts very little discussed in the MSP context to date.

Transitional waters form coherent ecotones between terrestrial, freshwater and marine ecosystems
categorized by high temporal variability and spatial heterogeneity [1]. The incidence of the human
traces at lagoons and estuaries is recognized since prehistorical times, representing the core of early
civilizations and posterior socio-economic formations [2]. Especially in the Mediterranean, we have
plenty of documented evidence of multiple uses of coastal lagoons, from transportation to fisheries [3].
In the 1st century CE, Romans used the Tyrrhenian Sea coastal lagoon system as a connection route
between Naples and Rome for military and commercial purposes [4].

The notion of ‘transitional waters’ defines a varied range of ecosystems types, including river
estuary ecosystems, coastal lagoons, lakes, fjords and fjards, rias, brackish wetlands and hypersaline
bahiras. Due to the hydrological balance between marine and freshwater forces, transitional waters,
particularly the lagoons and the rias, are sediment and nutrient sinks, controlled by different variation
scales according to the tidal cycles, seasonal and annual rhythms, precipitation cycles and climate
variations [5].

Thus described, the "transitional waters" are included in a larger conceptual framework of the
Coastal Transitional Ecosystems, which also includes the coastal basins of warm climates, often
hyperhaline, not substantially influenced by fresh water but which share many fundamental features
with the "transitional waters" [6]. A synthetic scheme of different coastal types denoted by the notion
of “transitional waters” is provided in Table 1. The generalized view on the distribution of different
coastal transitional ecosystems in Europe is given in Figure 1.

Table 1. Main physiographic forms included under the term transitional waters

Type Characteristics

Classical estuary Tidally dominated at the seaward part; salinity reduced by freshwater
river inputs; riverine dominance inward

River mouth * River outlet as a well-defined physiographic coastal feature

Delta * Low energy, typically shaped, sediment dominated, river mouth area;
estuary outflow

Fjord
Land freshwater seepage or seasonal riverine inputs; limited tidal

influence; stratified; long narrow, glacially eroded sea inlet, step sided,
sill at the mouth

Ria Drowned river valley, some freshwater inputs; limited exchange

Non-tidal/microtidal lagoon *
Limited exchange with the marine area through a restricted mouth;

separated from the sea by sand or shingle banks, bars, etc., shallow area,
tidal range < 50 cm

Tidal lagoon As above but with tidal range > 50 cm

Coastal plume * Outflow of estuary, or lagoon, notably diluted salinity and hence
different biota than in surrounding marine areas

* available in the Baltic Sea.
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Figure 1. Generalization of major transitional water types in Europe

Transitional waters are under heavy human impact being the locations of major ports or cities.
Therefore, these areas are degraded by dredging and contamination from industrial and agricultural
activities, fishing, aquaculture as well as from urban sprawl and municipal pollution. These issues do
have an enormous impact on human well-being in the regions adjacent to transitional waters since
goods and services of these waters, being as diverse as the aquatic ecosystems supporting them, are
also adversely affected [7]. Therefore, transitional waters have prompted the need to be categorised
into operational types from both the academic and applied points of view [1,2,6].

The notion of ‘transitional waters’ in the EU WFD interpreation means aquatic areas which
are neither fully coastal nor enclosed or flowing freshwater areas [5] whereas, under the more
comprehensive term ‘coastal transitional ecosystems’ could be simply defined as “coastal water
bodies with limited seawater supply” [6]. Transitional waters are defined by physiographic features,
discontinuities, salinity, or other hydrographic features. Even though the typology provided in the
WFD is indispensable for defining environmental descriptors and ensuring environmental integrity,
‘transitional waters’ is still a complex and not exhaustive term.

The definition is even more challenging if applied to the three largest European transboundary
lagoons located on the southern rim of the Baltic Sea [8]. This challenge is complicated because two of
these transitional water bodies (Vistula Lagoon and Curonian Lagoon) are shared with the Russian
Federation. This country is not an EU member and, therefore, the term ‘transitional waters’ has no
legislative consequences in the Russian parts of both lagoons. Schernewski and Wielgat [9] highlighted
that Baltic Sea countries have taken very diverse approaches towards the designation of coastal and
transitional waters. Some countries have not designated any transitional waters at all, regardless of the
WFD regulations.

In Sweden, there was an attempt to overcome problems with designating transitional waters
by suggesting a further category of enclosed, brackish coastal types, whereas Denmark, Finland and
Estonia do not have designated transitional waters at all [7]. In Germany, transitional waters were
designated for its North Sea estuaries but for none of its Baltic Sea lagoons and estuaries. Lithuania
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considers the Curonian Lagoon to be a transitional water body [8]. Additionally, the discharge plume
from the Klaipeda Strait into the Baltic Sea is also considered as transitional waters [7].

Poland has designated as transitional waters the Polish parts of the Vistula Lagoon and the Odra
(Szczecin) Lagoon, a part of the Gulf of Gdansk (the inner Puck Bay) as well as the open parts of
the Gulf of Gdansk and the Bay of Pomerania where riverine discharge plumes have an impact [10].
Poland has also designated the coastal areas affected by the riverine plumes discharging into the open
Baltic Sea as transitional waters. Latvia treats the Daugava River estuary at Riga and the riverine
discharge plume into the Gulf of Riga as a transitional water area [9].

Most of the properties of transitional waters derive from both hydrological balance and
land-water interfaces [5]. Strong directional gradients of salinity, organic matter, nutrients and
oxygen concentrations featured in these waters can on one hand act as filters for potential coloniser
species but on the other host euryoecious invasive species [11]. From a trophic point of view, transitional
waters are very productive [12]. The overall hydrological and ecological balance that maintains the
ecological status of transitional waters covers scales ranging in time from minutes and hours to years
for long-term hydrological balance and large species population dynamics. On the spatial scale, the
effects of transitional waters are felt from local to global, regarding the migratory fish and bird species.

In recent decades, the EU has directed many efforts towards new concepts of sustainable growth,
first the terrestrial one (Green Growth) and then the maritime one (Blue Growth). According to the
Organisation for Economic Cooperation and Development (OECD): “green growth means fostering
economic growth and development while ensuring that natural assets continue to provide the resources
and environmental services on which our well-being relies” [13]. The governance of marine resource
uses ever more focuses on the recently introduced term and concept of Blue Growth [14]. The Blue
Growth concept aims to facilitate sustainable economic growth based on the utilisation of marine
resources, while at the same time mitigating their degradation, overuse and pollution [15].

The EU´s Blue Growth strategy emphasises the importance of marine areas for innovation and
growth in five sectors in addition to increased emphasis on MSP and coastal protection [16]. The Blue
Growth concept recognises that diverse maritime sectors, such as fisheries, shipping and tourism,
and marine ecosystem services, such as food provisioning, coastal protection and carbon storage, are
interconnected. Managing these sectors and services coherently can deliver additional value [16].

In coastal areas, especially in the lagoons and estuaries, the marine and terrestrial domains
intertwine intimately, bringing out a unique habitat, with peculiar characteristics, in many aspects,
hostile, while others are particularly favourable to human settlement. This environmental mosaic
has generated particular socio-ecosystems of transitional waters with required special human skills,
adaptive strategies and constant care of the environment. Therefore, in the case of transitional waters,
it is challenging to discuss either Green Growth or Blue Growth purely.

In this interim zone, where terrestrial and marine ecosystems interact, the two aspects of sustainable
growth go together and have always been intimately connected. In these environments set like emerald
gems of the coast, we should instead discuss the Emerald Growth concept, that is the integration of the
principles expressed by Green Growth and Blue Growth concepts. It treasures traditional knowledge
of the elaborate lagoon and estuarine socio-ecosystems that have developed in these environments
over the millennia but also implies new technological and economical solutions. It describes better the
management aspects of ecosystem services of transitional waters lying between the terrestrial (Green
Growth) and the marine areas (Blue Growth).

‘Emerald Growth’ is an overarching concept proposed by the authors of this article to address
sustainable development and management issues of transitional waters within a broader river basin,
coastal and marine interplay framework. The topic of Emerald Growth is especially important for the
Baltic Sea due to its marine geography. Eight transboundary transitional waters are located around
the Baltic Sea, particularly at its southern rim (Figure 2). They require cross-border cooperation in
ecosystem-based MSP between the countries sharing them. Therefore, the task of delivering sustainable
use of ecosystem goods and services in such complex environments becomes a real challenge.
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Figure 2. Distribution of coastal and transitional waters in the Baltic Sea Region (Source: Helsinki
Commission). Transboundary transitional waters marked in red by the authors.

Considering this task, the main aim of the present paper is to propose and elaborate on the concept
of Emerald Growth as a new framework concept for managing ecological quality and ecosystem
services of transitional waters. The notion of ‘Emerald Growth’ is newly coined and presented in this
article for the first time. A comprehensive study was undertaken by the authors to delimit all three
concepts considering drivers, indicators and planning approaches. While concrete planning guidelines
for transitional waters within the Emerald Growth framework pertinent to the EU WFD, MSFD, MSPD
and other regulations are still in the conceptual phase, the drivers, indicators and planning approaches,
which are proven relevant in spatial planning contexts, are summarised in Table 2.
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Table 2. Drivers, indicators and planning approaches relevant in the spatial planning contexts.

Notions Green Growth Emerald Growth Blue Growth

Key drivers

(1) Environmental and
climate change and
resulting economic

policy changes;
(2) Circular economy

advancement

(1) Depletion of living
resources;

(2) Eutrophication;
and water and sediment

pollution;
(3) Land reclamation;
4) Growing industrial
and recreational use;

(5) Sea level rise

(1) Growth of shipping;
(2) Marine pollution;

(3) Depletion of living
resources;

(4) Demand for energy
and mineral resources;

(5) Expanding networks
of pipelines and cables

Main indicator
groups [13]

(1) Economic growth, productivity and competitiveness; (2) Labor markets,
education and income; (3) Carbon and energy productivity; (4) Resource

productivity; (5) Multi-factor productivity; (6) Natural asset base; (7) Renewable
stocks; (8) Non-renewable stocks

Main planning
approaches

(1) Hierarchy
(2) Master-planning

(3) Sectorial planning
(4) Functional zoning
(5) Detailed planning

(1) Hierarchy
(2) Master-planning

(3) Sectorial planning
(4) Functional zoning

(5) Trade-offs
(6) Ecosystem approach
(7) Cross-border links

(1) Master-planning
(2) Sectorial planning
(3) Functional zoning

(4) Trade-offs
(5) Ecosystem approach
(6) Cross-border links

The Emerald Growth concept also includes and reassesses traditional knowledge of the coastal
environment of lagoons and estuaries as an engine for sustainable development, but also proposes
locally tailored approaches for the renewal of these unique areas. The Emerald Growth concept can be
elicited by combining both Green Growth and Blue Growth concepts considering sustainable ways of
enhancing the well-being of coastal communities and their prospects for a prosperous future. It also
implies avoiding the adverse effects that may result from coastal population decline or monoculture
prevalence (e.g., fisheries or coastal tourism).

On the conceptual level, the Emerald Growth concept is a framework for analysing socio-economic
growth and human well-being relying on sustainable use of transitional waters, their resources and
ecosystem services. The Emerald Growth concept applies where the complexity of estuarine and
lagoon systems needs a goal- and solution-oriented, realistic and practical management approach.
Therefore, it is very much coherent with the Blue Growth drivers, principles, indicators and planning
approaches [14–16]. On the other hand, the Emerald Growth concept and principles are also quite
coherent with the Green Growth concept and principles [13,17,18].

To showcase the usefulness of the Emerald Growth concept and to deliberate its implications, the
methods, the results, the discussion and the conclusions are structured in the following way: First, we
analyse relevant European Union (EU) directives and regulations regarding their potential to regulate
environmental management and spatial planning of transitional waters and hence ensure a proper
Emerald Growth framework. Next, ecosystem goods and services of transitional waters are typified
and classified. Finally, to demonstrate the practicality of the Emerald Growth concept, in the results
section, we apply it for the analysis of two case studies: the Curonian Lagoon (Baltic Sea) and Lesina
Lagoon (Adriatic Sea).

The discussion focuses on the essential debatable issues of the perspectives and limitations of the
Emerald Growth concept for facilitating sustainable management of various transitional waters. We
argue that it is necessary to find a balance between different EU directives (WFD, MSFD, MSPD) and
other supranational regulations pertinent to the protection of aquatic environments in each particular
case in order to deliver a holistic approach for the transitional waters’ management. In addition, the
role of the EU Birds and Habitats directives should not be ignored. The conclusions of the paper
highlight practical aspects of the Emerald Growth concept.
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2. Materials and Methods

2.1. Methods

The in-depth analysis of relevant European Union (EU) directives and regulations concerning
their potential to regulate environmental management of transitional waters and, therefore, to set the
Emerald Growth framework, has been conducted during a series of six online workshops among the
four authors of this article from 2018 to 2020. The discussed question was whether the transitional
waters of the EU should be considered within the scope of the Marine Strategy Framework Directive
(MSFD, 2008/56/EC) and the MSPD (2014/89/EU). If they do, then which regulatory areas have to
be considered when integrating river basin management with the planning and management of
transitional waters and marine territories. The answer to this question is pivotal for ecosystem-based
planning and sustainable management of aquatic resources, and for delimiting the Green, Blue and
Emerald Growth concepts.

The investigations leading to the case study analysis relied on longstanding first-hand experiences
of the authors in the investigation of transitional waters in Europe, the Americas, Africa and
Australia [3,8,19–26]. Data on ecology, history and economy of Lesina and Curonian Lagoons as
the target areas of the comparative case study were obtained from different sources, namely old maps,
earlier trade reports and investigations, other archive documents and literature. Data on traditional
fisheries, aquaculture and exploitation of living resources in coastal lagoons of the Adriatic Sea and
inherent effects on the recent evolution of lagoon ecosystems and landscapes were also derived
from [27,28].

The vicissitudes of living resource uses in the Curonian Lagoon after post-Communist reforms
and emergence of private fishery and husbandry were investigated first-hand. Since the mid-1990s, we
have investigated social and economic transformations and environmental issues in the Baltic lagoon
areas and compared them with the Italian lagoon management practice [3,8,22,24,29]. The issues of
interest have been explored employing a wide spectrum of quantitative and qualitative methods—from
the in situ and remote surveillance and simulation modelling of aquatic ecosystems to an assortment
of social field surveys in the broader lagoon regions.

Perceptions and opinions about ecology, environment, ecosystem goods and services, as well
as conservation and local development conflicts, were the key issues during the in-depth individual
interviews and focus-groups with local interest groups—fishermen, farmers and environmentalists.
During the investigation period spanning over two decades, there were over 20 qualitative longitudinal
surveys carried out in Lithuanian and Italian lagoon areas as these were the main research target areas
of the authors of the paper. These surveys were conducted within the framework of joint projects
supported by EU regional (PHARE, TACIS, INTERREG) and academic research (FP6, FP7, Horizons
2020) cooperation programs.

It is confirmed and accepted that individual in-depth interviews deliver coherent, although not
identical, ecosystem service information as do focus groups [30]. Therefore, the ratio between the
number of those stakeholders with whom the individual in-depth interviews have been conducted,
and those who participated in the focus groups was one to four in our surveys. Typically, a focus group
comprised five to seven participants representing various local interest groups. In both cases, earnest
efforts were taken to ensure the representativeness of the participants in terms of gender, age and trade.
As a result, the perceptions and opinions of 180 locals have been sampled in the Curonian Lagoon area
and ca. 100 locals in the Adriatic lagoon areas of Italy (mainly, Venice Lagoon and Lesina Lagoon).

2.2. Case Study Area

Lesina Lagoon in Italy (41◦52’58" N, 15◦26’21" E) is a nano-tidal lagoon (mean tidal range 0.3 m)
extending parallel to the south coast of the Adriatic Sea for 22.4 km. It has an oblong shape with the
width varying between 3.8 and 1.4 km (Figure 3). The mean water depth is 0.8 m with a maximum of
about 1.5 m. Three artificially managed channels link the Adriatic Sea with the Lesina Lagoon [27].
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Figure 3. Lesina Lagoon. Source: authors’ own plotting.

In the eastern part, fresh groundwater discharges into the lagoon, generating a saline gradient,
salinity always remains lower than that of the sea ranging between 11 and 34 psu (average 23.7 psu) [31].
At the mean water level, the surface area of the lagoon is 51.5 km2 and a volume is 0.04 km3. The
climate of the Lesina Lagoon region is typical Mediterranean one with dry, hot tropical summers and
chilly, humid winters. The average annual precipitation level in this area is 427 mm [32].

The non-tidal Curonian Lagoon (55◦11’55" N, 21◦03’30" E) is an enclosed, shallow and almost
fresh water body, located in the southeast angle of the Baltic Sea. The Curonian Lagoon is the largest
lagoon in all Europe [33]. Its surface area is 1586 km2, i.e., 30 times larger than that of Lesina Lagoon.
The Nemunas River, whose catchment basin is 98,200 km2, discharges into the Curonian Lagoon on
its way to the Baltic Sea. The mean depth of the lagoon is 3.8 m, and the maximum depth is 5.8 m.
Salinity varies from just 0.1 psu at the river mouths to 6 psu at the sea entrance [3].

Politically, the Curonian Lagoon is divided into two parts, the southern two-thirds belonging to
Kaliningrad Oblast, which is the exclave territory of the Russian Federation, and the northern one-third
to Lithuania. The area is in the transition zone from the temperate continental climate to the maritime
one. Average annual precipitation level is ca. 750 mm [8]. The Curonian barrier spit separates the
lagoon from the Baltic Sea. The east coast of the Curonian Lagoon is or has historically been part of the
Nemunas Delta, which stretches about 70 km inland (Figure 4).
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Figure 4. Curonian Lagoon (Lithuanian part). Source: authors’ own plotting.

3. Results

3.1. WFD (2000/60/EC), MSFD (2008/56/EC) and MSPD (2014/89/EU): Delimiting Regulation Spheres in
Open and Transitional Waters

Although the EU WFD provides an operational definition of transitional waters, still there is
some fuzziness resulting from different approaches by the EU Member States in defining transitional
waters [5,6,12]. The debates on transitional water definition became relevant within the EU, given the
implementation of the WFD. There is also a need to define the limits of scope of the MSFD (2008/56/EC)
and, particularly, those of MSPD (2014/89/EU). It states in its Preamble (paragraph 15) that MSP will
contribute, among other things, to achieving the aims of the WFD.

The Preamble of the MSPD further states (paragraph 16):”Marine and coastal activities are often
closely interrelated. In order to promote the sustainable use of maritime space, maritime spatial
planning should take into account land-sea interactions”. Article 2 (Scope) of the MSPD explicitly
defines the distinction between marine and coastal waters in its very first paragraph: “1. This Directive
shall apply to marine waters of Member States, without prejudice to other Union legislation. It shall
not apply to coastal waters or parts thereof falling under a Member State’s town and country planning,
provided that this is communicated in its maritime spatial plans”.

Such a definition of the MSPD scope means that the EU Member States should define the boundary
between the transitional and coastal waters, which fall within the sphere of regulation of the MSFD
and the WFD. The marine waters which are the focus of both the MSFD and the MSPD also are subject
to MSP. If the transitional waters or their parts happen to fall under town and country planning, this
must be communicated in the descriptive part of the maritime spatial plans. To make matters even
more confused, three Baltic Sea countries—Latvia, Lithuania and Poland consider nearshore plumes
resulting from the most extensive river discharge as transitional waters. It implies that these nearshore
areas fall under the regulation of all three directives—WFD, MSFD and MSPD.
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In any case, the essential difference between the WFD, MSFD and the MSPD is that the former two
tackle any issues pertinent to the quality management and improvement of the aquatic environment.
Meanwhile, the MSPD addresses different issues and its aim is to integrate the ecosystem approach in
spatial planning. Therefore, considering the issues of a good water quality status and its indicators,
which is at the core of the WFD and the MSFD, the MSPD plays a complementary role. As mentioned
above, MSP should contribute, among other things, to achieving the aims of the WFD, i.e., a good
status of transitional, coastal and marine waters of the EU Member States.

The WFD process for identifying transitional water body types required the development of new
approaches [2]. It further implied the necessity to adopt a standard set of typology factors (tidal range,
salinity, vulnerability), and approaches for consistent and comparable typology categorisation across
the European regional seas. Although the WFD separated coastal waters from marine ones on the basis
of a 1-mile distance according to Article 2–7, it also implied that the estuarine, coastal and marine water
body types are not distinct categories that can be identified by a set of factors, but rather a continuum.
Therefore, the borderline between the three separate types is often difficult to define [34].

There are still doubts whether transitional waters ought to be excluded from the MSPD focus, if
they have a sizeable marine influence, e.g., tidal lagoons and estuaries or where salinity incursion occurs
as these are also part of marine systems [5]. According to Tagliapietra et al. [6], in a landscape ecology
context, transitional waters as a specific class of habitats should be even approached as ’transitional
seascapes’ emphasising their marine character. Borja et al. [34] concur that there is a necessity for a
seamless and harmonised transition from a watershed through transitional and coastal waters to a
marine system.

Cases of transboundary water bodies best illustrate the fuzziness and difficulties with the precise
delimitation of different water ecosystem types even within the ’borderless’ EU. For example, in
the Odra Lagoon, the German and Polish parts belong to different typologies: the German part is
designated as coastal waters while the Polish part as transitional waters, which is confusing for both
management and research purposes [8]. A similar situation is in Lithuania, where the nearshore
freshwater plume discharged from the Curonian Lagoon to the Baltic Sea heading north stops being
considered as transitional waters at the Latvian border [9].

3.2. Ecosystem Goods and Services of Transitional Waters

The functioning of transitional water ecosystems, if they are healthy, produces several essential
goods and services for humans—biodiversity conservation, biological production, storm and flood
protection, river flow purification, transformation and cycling of elements and nutrients, wastewater
treatment. However, goods and services of transitional waters are not defined adequately yet [5]
because ecological concepts and intangible ecosystem services such as resilience are still meagrely
measured for marine and estuarine environments [23]. Yet, these services have to be quantified and
related to the management framework to provide a holistic approach to managing these habitats.

Transitional waters provide biological resources commercially exploited since the very Stone
Age [35,36]. Due to the geographical position between the firm terrestrial ground and deep sea, these
shallow water bodies play an essential role as spawning areas for fish and invertebrates, support rich
biodiversity and offer important migration corridors for fish and wetland birds [3]. Despite the high
value of the goods and services provided by the transitional waters, the coverage of the provisioning
potential of ecosystem goods and services by transitional and marine systems is less documented, if
compared with the terrestrial systems [23]. This lack of information hinders the MSP process and the
compliance with EU supranational legislation by the Member States [12].

According to the Millennium Ecosystem Assessment, ecosystem goods and services pertinent to
transitional waters can be grouped into four broad categories [37]:

1. Provisioning of biological and non-biological products such as supplying of food and water.
Transitional waters provide fish, shellfish, crustaceans and sea-weeds. They supply building
materials such as sand and gravel, and medicinal products from marine plants, microbes and
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animals. The definition can also include renewable energies (wind and wave power as well as
tidal power systems for estuaries).

2. Regulating services are the benefits of regulating ecosystem processes such as climate and disease
control. Transitional waters outperform all other ecosystems in terms of regulating services [20].
Transitional waters and their habitats like mangroves, salt marshes and intertidal flats regulate
several material flows. They recycle various elements, retain excess nutrients that flow into the
sea, protect the hinterland from floods caused by storms or hurricanes, and absorb and process
waste materials.

3. Cultural services are intangible benefits that people draw from ecosystems, for example through
relaxation and aesthetic experiences [38,39]. Cultural heritage is an important trait of cultural
services provided by transitional water ecosystems, that is, the development of local cultures
with peculiar ethnic connotations. From an inspirational point of view, without referring to the
uniqueness of Venice, the Camargue of the Impressionist painters is worth-mentioning.

4. Supporting services are those that necessary for the production of all other ecosystem services,
like soil formation and nutrient cycling. Primary production is another supporting service as it
fuels and maintains the higher trophic levels of the ecosystem and its biodiversity in transitional
waters, and in the adjacent sea. For example, coastal lagoons, estuaries and other transitional
waters form the main nurseries for juveniles of many commercially harvestable fish species.

More specifically, the services and goods garnered from the transitional water ecosystems can be
further categorised into seven groups:

• Harvesting of fish, cray fish, mussels, clams and shrimps [40];
• Growing domestic water fowl, halophytes for fodder and ethnic medicine, spices, fruits and

producing traditional local wine;
• Protecting the marine environment from physical disturbances caused by flooding and from

chemical disturbances caused by pollution from the watershed [41];
• Conserving aquatic biodiversity, especially the biodiversity of migratory fish and birds [42];
• Providing amenities for water- and nature- tourism and other types of outdoor recreation [19];
• Maintaining coastal cultural and historical heritage values like traditions of combining fisheries

and farming, as well as sustainable small-scale aquaculture [3];
• Providing diverse and relatively readily available data for environmental research, education and

public awareness illustrating the relationships between ecological, physical and human processes
that shape the environment [8].

The increasing use of aquatic resources by all sectors of society and the mismanagement due to
many conflicting stakeholder interests are responsible for the deterioration of these ecosystems and the
decline of their economic value. The benefits of these ecosystems are threatened by the activities of
humans [43]. Transitional waters are under constant pressure, including habitat loss and pollution
from their surroundings and catchment areas [26,44]. Examples of this are the decreasing capacity of
the transitional waters to supply fishery products or to ensure the circulation of elements [3,27,28].

In the last 60 years, humans have changed the ecosystems of transitional waters faster and more
comprehensively than in any comparable period in the past [45]. Although changes in ecosystems
have contributed to significant net gains for human well-being and economic development, these
gains have had huge costs such as the deterioration of many ecosystem services and the increased risk
of adverse changes [46]. The declining provision of ecosystem goods and services from transitional
waters worldwide can increase significantly in the future, and adversely influence human well-being.

Adverse changes in ecosystems directly feedback to the socio-economic system that relies on the
ecosystem goods and services of transitional waters. An example is the loss of estuarine wetlands as
fish nursery areas whereby these juvenile fish develop to become the commercial stocks [46]. For the
sustainable management of environmental resources, identifying and quantifying ecosystem goods
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and services are increasingly required [47]. The decline of the carrying capacity of the transitional
waters will have long-term effects. The degradation of the transitional coastal ecosystems also acts as a
bottleneck in the movement of wildlife. This bottleneck will hinder the migration of birds from the
southern wetlands to the Arctic breeding grounds and the migration of fish from the sea to rivers.

3.3. Case Study: Comparative Analysis of the Curonian Lagoon (Baltic Sea) and Lesina Lagoon (Adriatic Sea)

3.3.1. Emerald Growth Drivers

In this comparative case study, we illustrate the concept and analytical framework of Emerald
Growth through the analysis and interpretation of the critical drivers of European transitional waters,
using Lesina Lagoon (Italy) and the Curonian Lagoon (Lithuania/Russia) as an example. These areas
are nutrient and contaminant traps and valuable fish habitats, and therefore vitally important for the
integrity both of terrestrial and marine environment. Due to shallow water conditions and variation in
water salinity, coastal lagoons are among the richest biotopes on the Earth with high productivity and
rich biodiversity [20].

In our opinion, the usefulness of the Emerald Growth concept for analysing trends and capabilities
for sustainable development and management of transitional waters can be best illustrated through the
analysis of the Emerald Growth drivers. As in [48], we interpreted drivers as external forces on which
the individual actors cannot possibly have an impact with their own means. It is notable, that Emerald
Growth drivers and the alternative development scenarios for transitional waters, like the Blue Growth
drivers and the alternative development scenarios for marine waters, are closely interrelated.

Different alternative scenarios are not only resulting from the sequence of political reforms or
societal developments shaping the potential of the transitional water areas, but are also dependent on
the external drivers and forces which have an impact on the future and should be considered seriously
in policy formulation, planning and decision-making [48]. The descriptions of drivers and scenarios
can be done for each Emerald Growth sector, fisheries, agriculture and outdoor recreation in the case of
the Curonian and Lesina Lagoons. For these lagoons, we have identified the main five specific drivers
(Table 2): the depletion of living resources, eutrophication, sea level rise, land reclamation, as well as
growing industrial and recreational use.

Yet, a comparative analysis of the Curonian and Lesina Lagoon development in the modernity
shows that the main driver of Emerald Growth throughout ages was active human interference into
natural processes. An untenable interference had caused the depletion of fish resources, reclamation of
aquatic-terrestrial ecotones, and shift towards reliance on the subsidised intensive agriculture in the
reclaimed areas (Table 3) and the resulting structural decline of the lagoon economy (Figure 5). Similar
negative processes had adversely affected many other European lagoons in the modernity as well [3].
Such a nature mismanagement policy had resulted in the declining diversity of migratory fish and bird
species and recurring sharp production crises in the lagoon areas.

The societies and environment of the Curonian and Lesina lagoon areas have undergone immense
changes during the modernity from the Napoleonic reforms till nowadays. These changes had resulted
in economic ups and downs within the course of modern history. There always existed differences
between the Emerald Growth drivers in two lagoons, but the similarities prevailed. It is evident from
the scheme (Figure 5) what the resulting relative economic share of the yielded local commodities
from the lagoons (fish) and their fringes (agricultural products) on the regional scale in various phases
of the lagoon ecosystem evolution was. We see that radical changes in the tenure of land and water
inevitably led to imminent economic and ecological precarities.
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Table 3. Emerald Growth in the European lagoons in the modernity.

Period Feudal Tenure Privatisation Cooperation Current Stage

Main yield Fish, cattle forage Dairy products,
vegetables, fish

Dairy products,
vegetables, fish

Dairy products,
vegetables

Fish stock use Sustainable Unsustainable Quasi-sustainable Quasi-sustainable

Causes of precarity Diseases (plague,
malaria), wars

Fish stock
depletion, wars

Diking, land
reclamation

Eutrophication,
over-reliance on

subsidies

Environmental
concerns Low

Increasing
(eutrophication,

persistent
pollution)

Increasing
(eutrophication,

persistent
pollution)

Stable

Provisional
ecosystem services High Intermediate High Decreasing *

Cultural ecosystem
services Low Increasing Increasing High

Economic role High Low High Low

* In case of nature protection focus scenario.

 

Figure 5. Resulting relative economic share of yielded products from lagoon areas on a regional
scale (taking the first peak of land reclamation for 1.0; the dashed line shows the relative share of
the products from Lesina Lagoon if it differs from the Curonian Lagoon) (Compiled and plotted by
Ramūnas Povilanskas)

Depletion of Living Resources

Availability and eventual depletion of fish resources are the main specific drivers of Emerald
Growth. The traditional fishing strategies differ significantly in the Mediterranean, Baltic and Atlantic
lagoons, due to different physical processes, which control the water level, water exchange between
the sea and the lagoon and water salinity in different seasons. In the Mediterranean lagoons, the fish
species, which are the most important for lagoon fisheries, enter the lagoons at the end of winter as
newborn fry, while for the sexually mature fish the impulse to migrate back to the sea comes in autumn
at the onset of the breeding season. The years between the stage of fry and that of sexual maturity fish
spend in the lagoon [27,28].
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In the Baltic Sea lagoons, which are controlled by surplus precipitation and an influx of vast
volumes of freshwater from large tributaries, the migration pattern of the important commercial fish
species—other than eels—is opposite to that of the Mediterranean lagoons. Since the commercial fish
like salmon, sea trout or twaite shad prevailed in the catches, the main fishing areas traditionally had
been either in the lagoon or in the mouths of the river tributaries and branches or regularly flooded
shallow deltaic lakes as well.

While the Curonian Lagoon and its tributaries had always remained a state domain, Lesina
Lagoon was a private property till the very 1934. Both lagoons had been famous for centuries for
their eels, which were caught during their migration to the sea and sent to the major cities of Italy
and Germany where they constituted the traditional Christmas dish. Hence, fishing of eels and other
commercially valuable fish made the lagoon resource owners and users wealthier than the farmers in
adjacent areas. In both lagoons, however, the mismanagement of fish stock and lack of proper fishery
control had led to the depletion of fish resources and the decline of fisheries.

Throughout the modernity, both lagoons experienced disputes among the local communities over
the control and use of fishing areas. These disputes have resulted in protracted a period of decadence
in the fishery management. In the 1970s, in Lesina Lagoon the annual yield in fish had dropped to
less than 40 kg/ha, and the fishermen had dwindled to 40 units, mostly pensioners rounding off their
income [27]. The 1970s–1980s also witnessed a dramatic global decline of the eel stock [49], which had
a detrimental effect on eel fisheries, and on the welfare of the fishermen in both lagoons.

While entering the 2020s, a slow yet sure decline of commercial and artisanal fishing continues in
both lagoons. The economic reforms of the 1990s have radically changed the fishing organisation in
the Curonian Lagoon. Many small private fishing enterprises have got the license to fish. It has proved
harder to monitor the size of the catches landed, and poaching, which gives a substantial nontaxed
profit, has increased drastically [3]. Lack of proper collaboration with Russia on the protection of
fish resources also played a negative role. Although fish monitoring in both parts of the lagoon is
conducted in a coordinated way [8], yet it does not prevent the decline of the lagoon fishery.

Similarly, Lesina Lagoon experiences a further decline of the artisanal lagoon fishery. The weirs
are opened and closed with regard to the fish migrations, and fishing rules are enforced [3]. However,
the lagoon is still exploited by small vessels of 40 artisanal fishermen using traditional fishing gears
and targeting a broad spectrum of species [50]. The local fishery is still mainly based on the use of
“paranza” (Figure 6), a traditional fishing system made up of net walls fixed on stakes and retaining
devices (fyke-nets), but also on the use of gillnets and trammel nets. It features low selectivity and
produces a considerable amount of by-catch, including juveniles of commercial species [50].

Figure 6. Artisanal stake-nets in Lesina Lagoon (Image: Ramūnas Povilanskas).
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Other Specific Drivers of Emerald Growth

With the advent of industrial agriculture, wetland fringes of both lagoons had been reclaimed and
turned into agricultural landscapes, whereas the ecotones, which integrated aquatic and terrestrial
ecosystems, had been extensively eliminated. Such a situation significantly impaired the capacity of
the lagoon areas to fulfil their fundamental ecological functions, whereas, the reclaimed land at the
Curonian Lagoon became ever more dependent on the external subsidies in the Soviet period. Central
USSR ministries of agriculture and fisheries provided production plans and techniques, financed land
reclamation, maintenance of dikes and polders and restocking of fish [29].

After the collapse of the Soviet Union, the main local agro-industrial activities, namely dairy cattle
breeding, and milk production have dwindled mostly to the low-productivity farming at smallscale
individual farms. Since the maintenance of dikes and water pumping stations needs substantial
financial resources, only part of the polder system was maintained properly, due to the lack of proper
financial and energy resources, while the rest was left unattended and rapidly declined. Currently,
agriculture on the Lithuanian side of the Nemunas Delta depends heavily on the EU agricultural
sub-sidies, likewise on the reclaimed fringes of Lesina Lagoon.

In the Lesina Lagoon area, state authorities have drained 1500 ha of freshwater wetlands in the
1950s. These efforts were part of a comprehensive land reclamation program aimed to increase the
acreage of land suitable for agricultural purposes, and for maintaining the permanent high-water level
within the open lagoon perimeter as well. These areas used to be a prime habitat and feeding ground
for the eel. The engineering works had the effect of lowering the salinity at the eastern end of the basin.
This intervention has caused the 500 ha, once occupied by eelgrass, to be invaded by reed growth.
Thus, the engineering works took away a third of the prime habitat for eel production [3].

The prospect of lucrative recreational fishing services makes the Curonian lagoon communities
waver: whether to continue relying on the commercial exploitation of the declining fish stocks or
to shift to the provision of the recreational fishing services. The Curonian Lagoon region has been
always famous as a major destination for recreational fishermen [3]. Considering the number of
tourists visiting the Curonian Lagoon and, particularly, the Nemunas Delta, the fishermen constitute a
significant part (ca. 50%). A phenomenon of particular interest is the upstream migration of smelt
in winter and early spring. It attracts thousands of recreational fishermen. This ‘secondary’ wave of
tourists gives the major low-season share of income to the local hospitality sector in the region.

Eutrophication is also a pivotal driver of Emerald Growth. Eutrophication itself is usually
considered as a result of a vast array of internal and external forcing drivers [31]. Yet, eutrophication
related drivers are among the most important factors causing pressure and impacts on the transitional
water bodies [26]. Due to their large variety in the turnover rate and, hence, due to considerable
exposure to rapid nutrient enrichment, the transitional water ecosystems, in general, and the Curonian
and Lesina Lagoons in particular, are vulnerable to eutrophication [31]. Therefore, different Emerald
Growth scenarios, from the maintenance of traditional artisanal fisheries to the development of new
sectors, e.g., tourism, are directly reliant on the current eutrophication levels and their future trends in
both lagoons.

Considering different Emerald Growth scenarios, eutrophication of transitional waters, despite
recent positive trends, including re-oligotrophication [51], can be seen as a constraint for sustainable
development in transitional waters. The simultaneous increases in nutrient loads and in the rate of
sea-level rise may result in adverse synergistic effects. The drowning of coastal marshlands due to
sea-level rise and loss of creek-edge marsh [52] due to eutrophication impose unwelcome limits on
human activities and may result in coastal areas with a dramatically reduced capacity to provide
important ecological and economic services.

Last but not least, the sea level rise can be also considered as a critical driver of Emerald Growth,
especially regarding the loss of coastal marshlands, and an ever-accelerating erosion of barrier spits
separating coastal lagoons from the ocean or the sea. Lagoons and estuaries are highly adaptable
ecosystems. In natural conditions, these systems would have moved along the coast following its
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development under sea level rise. However, the lack of plasticity of the modern human landscape and
the rapidity of climate-related changes put their very existence at risk.

The Emerald Growth concept, envisaging local-scale integrated economy, reuse of materials
and innovative widening the use of local materials and provisional services, for instance, the use
of salttolerant plants and saltmarsh gardening, may be included in the accommodation measures.
State-of-the-art agriculture models must be adopted in the transitional islands with complete water
recycling and zero emissions. An opportunity, on the other hand, can be provided by ‘depolderization’,
that is, the planned reconversion of lagoons and wetlands reclaimed during the last two centuries often
lying below the main sea level, whose productivity is currently possible only using hydraulic pumping.

3.3.2. Preconditions for Sustainable Emerald Growth Scenarios

Surrounding Lesina Lagoon with an embankment has eliminated the once wide ecotone of
shallow water, which was the habitat of wetland birds [3]. With the undersigning of the Ramsar
Convention (1971), the Italian government has finally renounced its policy of draining wetlands. Now
the surviving wetlands are to be conserved to benefit bird species broadly termed as wetland birds [53].
Therefore, in 1981, the eastern portion of Lesina Lagoon (Sacca Orientale, IT9110031, 927 ha, Figure 7)
has been designated as a bird sanctuary. In 1991 it was included within the newly instituted Gargano
National Park.

 
Figure 7. Part of Lesina Lagoon which is a bird sanctuary included into the Gargano National Park
(Courtesy: Directorate for Nature Protection).

High concentrations of wetland birds in the Nemunas Delta also classify the area as being of
international importance for nature conservation. Nemunas Delta Regional Park established in 1992
was included in the list of wetlands of international importance by the Ramsar Convention [3]. Later,
in 2004–2005, the system of protected areas was supplemented with Natura 2000 sites in compliance
with the requirements of the EU Birds and Habitats Directives. The whole Curonian Lagoon itself was
designated as a biosphere polygon in 2009. Legislative measures create a number of constraints mostly
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towards the intensive use of natural resources while providing additional incentives for the culural
uses of the lagoon area.

This development could be considered typical for the transitional waters featuring important
cultural and nature values (e.g., UNESCO heritage sites) and goes well in line with proposed Emerald
Growth trends in the European lagoons in the modernity (Table 3). This scenario (nature protection
priority) implies an increase in the importance of cultural ecosystem services (including recreational
fishery) with a decrease in the value of provisioning ones. However, this does not imply a drop in
income or economic value [54]. Indeed, if managed correctly, the nature protection priority could even
increase it.

Another Emerald Growth scenario (sustainable development priority) could be proposed for the
territories lacking much of natural and cultural values where enviromentally friendly production
solutions (e.g., sustainable aquaculture beside sustainable fishery) along with other innovations
(alternative energy production, extraction of biologically active chemical compunds from natural
sources) could be a future development trend.

4. Discussion

From the presented case study, we see that Emerald Growth can evolve in different directions at
different periods in history—from intensive development to extensive development, from sustainable
development to decline. We also see that fisheries in transitional waters are ever less important for
sustainable Emerald Growth. For the use of transitional waters’ ecosystem goods and services to be
truly sustainable, the riparian communities using transitional waters need to search for alternative
under-utilised ecosystem services to integrate a sustainablefisheries. In the case of transboundary
transitional waters, the Emerald Growth deliberations must also take into account the situation
and plans of the neighbouring country sharing the transitional waters. These plans may diverge
significantly and adversely affect your plans because the aquatic ecosystems do not recognise borders.

The findings of our study support the notion that the WFD process for identifying coastal and
transitional water body types requires the development of new typological principles. We need to
elicit a standard set of factors and their categories for comparable and consistent categorisation of
various transitional waters across the coastal areas of different regional seas. We should also reconsider
if estuaries and other transitional waters have to be excluded from MSP as currently, it is the case in
the EU. On the contrary, it is necessary to find a balance between different EU directives (WFD, MSFD
and MSPD) and other supranational regulations pertinent to the environmental protection of aquatic
environments in each particular case in order to deliver a holistic approach for the transitional waters’
management [55,56].

The EU nature conservation directives—the Birds Directive (2009/147/EC) and the Habitats
Directive (92/43/EEC)—are also highly relevant documents for the Emerald Growth framework
since there is a high emphasis on priority coastal habitat types (such as coastal lagoons) in these
applications within the EU Natura 2000 scheme (the world’s largest network of protected areas).
Emerald Growth provides a suitable framework in the need to promote holistic cultural, natural and
sustainability management approaches in the Natura 2000 sites [57–59]. It is obvious that protected
territories established in both lagoons create new possibilities for sustainable Emerald Growth including
eco-oriented tourism (especially birdwatching), recreational fishery and sustainable uses of specific
local products.

Interaction between the watersheds of the rivers discharging into the transitional waters and their
ecosystems, particularly regarding their productivity and resilience [60,61], is also among the essential
issues of the perspectives and limitations of the Emerald Growth concept. This issue is especially
pertinent for facilitating sustainable management of the two largest south Baltic coastal lagoons—the
Curonian Lagoon and Odra Lagoon being recipient water bodies of large rivers—Nemunas and Odra,
respectively. As many environmental problems affecting the transitional waters are generated upstream
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in the watersheds, like in the case of Blue Growth drivers, the ‘sustainability dilemma’ strongly relies
upon environmental leadership, innovation and a common focus on the circular economy [48].

5. Conclusions

The main practical implication of the study is that on the policy aspect, contrary to a commonly
accepted view among policymakers throughout the EU, stronger links should be established between
the Emerald Growth and MSP principles. The Emerald Growth concept offers a suitable conceptual
framework for an adequate understanding and dealing with complex issues pertinent to environmental
protection and sustainable development of the economies of transitional waters, particularly the
transboundary ones. The differences in formal designation and planning approaches between the
countries sharing the transboundary transitional waters should not be considered as an obstacle to
the cross-border co-operation efforts to manage the transitional waters, environmental protection,
nurturing of ecosystem goods and services and sharing a joint vision of Emerald Growth.

The investigation results show that the Emerald Growth concept and management framework
enables to extricate better specific management aspects of ecosystem services of transitional waters that
fill-in the continuum between the terrestrial (Green Growth) and the maritime areas (Blue Growth). The
Emerald Growth concept offers a suitable framework for better dealing with complex and complicated
issues pertinent to sustainable management of transitional waters. Although each transitional water
body is unique in many ways, yet the drivers shaping their future development scenarios are similar
and some standard integrated planning and sustainable management procedures are attainable.
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23. Razinkovas, A.; Gasiūnaitė, Z.; Viaroli, P.; Zaldívar, J.M. Preface: European lagoons—Need for further
comparison across spatial and temporal scales. Hydrobiologia 2008, 611, 1–4. [CrossRef]

24. Tagliapietra, D.; Magni, P.; Basset, A.; Viaroli, P. Ecosistemi costieri di transizione: Trasformazioni recenti,
pressioni antropiche dirette e possibili impatti del cambiamento climatico. Biol. Ambient. 2014, 28, 101–111.

25. Taminskas, J.; Pileckas, M.; Šimanauskienė, R.; Linkevičienė, R. Wetland classification and inventory in
Lithuania. Baltica 2012, 25, 33–44. [CrossRef]

26. Zaldívar, J.M.; Cardoso, A.C.; Viaroli, P.; Newton, A.; De Wit, R.; Ibañez, C.; Reizopoulou, S.; Somma, F.;
Razinkovas, A.; Basset, A.; et al. Eutrophication in transitional waters: An overview. Transit. Waters Monogr.
2008, 2, 1–78.

27. Breber, P. The situation of lagoons in Italy today. J. Coast. Conserv. 1995, 1, 173–175. [CrossRef]
28. Breber, P.; Cilenti, L.; Scirocco, T. The vicissitudes of a coastal lagoon from the 19th century to the present day.

In The Changing Coast, Proceedings of Littoral 6th—International Multi-Disciplinary Symposium on Coastal Zone
Research, Management and Planning, Porto, Portugal, 5–7 September, 2002; Veloso Gomes, F., Taveira Pinto, F.,
das Neves, L., Eds.; EUROCOAST—EUCC: Porto, Portugal, 2002; Volume 1, pp. 375–381.

49



Water 2020, 12, 894

29. Roepstorff, A.; Povilanskas, R. On the concepts of nature protection and sustainable use of natural resources:
A case study from the Curonian lagoon. In Coastal Conservation and Management in the Baltic Region, Proceedings
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Abstract: Deltas are a particular type of estuarine system in which the dependence on river flow (water,
sediments and nutrients) is very strong, especially in river-dominated deltas such as the Mediterranean
ones, but environmental flow (e-flow) proposals for deltaic systems are scarce. The Ebro Delta is one
of the largest wetland areas in the western Mediterranean and one of the most important estuarine
systems in Europe. The aim of this paper is to review the state of the art regarding e-flows and to
carry out a critical analysis of the proposals for the lower Ebro River and Delta, in order to highlight
the possible environmental and socioeconomic impacts arising from the e-flow regime currently
approved. Additionally, based on existing scientific information, methods to establish an e-flow
regime that allows the maintenance of the main socio-ecological functions and values are discussed;
including those functions and values for which not enough information is available. The study
concludes that the currently approved e-flows are not suitable for maintaining most functions and
values, as they would not prevent the proliferation of alien fish species and macrophytes in the
river, the intrusion of the salt wedge in the estuary, the deficit of sediment/nutrient transport and the
degradation of riparian habitats or the decline of coastal fisheries. Socioeconomic consequences on
coastal fisheries, river navigation, salt water intrusion, sediment deficit, biodiversity, water quality,
aquaculture and hydropower are also considered. Other e-flow proposals such as the proposed by
the Catalan government would be more suitable to maintain the main socioecological functions and
values of the lower Ebro River and Delta. Nevertheless, additional studies are needed to validate
e-flows in some relevant aspects such as the capacity of the river to transport sediments to the delta
to avoid coastal regression and mitigate the effects of sea level rise and subsidence, as well as the
capacity of floods to control the spread of macrophytes. The lower Ebro River and delta is among the
case studies where more quantitative and qualitative criteria to set e-flows with a holistic approach
have been established.

Keywords: environmental flows; holistic approach; estuary; Ebro River; delta

1. Introduction

Numerous studies have shown the effects of modifying the natural hydrological regime on
ecosystems [1]. A reduction in flow alters the width, depth, velocity pattern and shear stress [2,3].
Such variations can modify the distribution and availability of in-stream habitat, which can have
detrimental effects on invertebrates and fish populations [4] and produce invasion of non-native species
(e.g., [5]). In this context, environmental flows (e-flows) are calculated to define the “quantity, timing,
and quality of freshwater flows and levels necessary to sustain aquatic ecosystems which, in turn,
support human cultures, economies, sustainable livelihoods, and well-being” [6].
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The science and practice of e-flows constitutes an approach to protect and recover aquatic
biodiversity, ecosystem integrity and important ecological services in rivers and estuarine systems.
The several methodologies that have been developed are organized in three general categories [7]. First,
hydrological methods, which are based on the analysis of historic (existing or simulated) streamflow
data and the supposition that such e-flow regimes drive ecological processes in streams and rivers,
assuming that most of the species can cope with low flows typical of dry periods (i.e., summer flows
or drought periods). Second, habitat simulation methods, which consist of physical or hydraulic
modelling of the river channel and, then, modelling the corresponding biological response through
different parameters (water depth, flow velocity, substrate composition, etc.). These methods are often
used as a “biological validation” of the hydrological ones and are based on a single-species approach.
Third, holistic methods to overcome limitations of the previous ones. They are sometimes referred
to as “expert panels” where a multi-disciplinary team of experts seeks to consider ecological, social,
cultural and economic functions and values of e-flows. Holistic approaches result recommendable for
complex environments such as large rivers or estuarine systems, where multitude of factors must be
taken into consideration.

Holistic e-flow methods have been developed during the past two decades and can be grouped
into two main approaches based on either a bottom-up or top-down procedure to establish e-flow
regimes [8]. The bottom-up procedures assume that it is possible to identify and quantify the critical
components of the e-flow regime that need to be maintained, while top-down procedures assume that
the whole natural flow regime is ecologically important but some flow components can be modified or
removed without significantly altering ecological functions and values [9]. The first and best-known
holistic approach is the Building Block Method (BBM) that was developed in South-Africa in the early
1990s to establish e-flow standards using limited amounts of data, and is designed to set an e-flow
regime to maintain a river in a predetermined condition [10]. This method is based on the identification
of the most important components, or “building blocks”, of the natural low flows and floods essential
for river biota. Unlike BBM, the DRIFT methodology (Downstream Response to Imposed Flow
Transformation) is a top-down, interactive, scenario-based approach that includes all major abiotic and
biotic components that constitute the ecosystem to be managed [11]. The DRIFT method includes four
modules: biophysical, sociological, scenario development and economic. Another holistic method,
the benchmarking approach, was designed to link data on alterations of natural flow regimes to
ecological consequences; the main idea is to evaluate the condition of a range of rivers (or river
reaches) that have been subjected to various degrees of flow regulation and water resource use [12].
Finally, the ELOHA framework (Ecological Limits of Hydrologic Alteration) is a more recent consensus
approach from a group of internationally recognized environmental flow scientists to determine
ecological limits of flow alteration at a regional scale [13]. For this purpose, rivers are classified
according to their hydrological regime in order to define the ecological consequences of anthropogenic
alteration within each class. Such framework simplifies the task because it avoids working on a
river-by-river basis, but special attention must be paid to the types of rivers used and their suitability
to discriminate relevant hydrological characteristics [14]. The main weakness of holistic methods
is the assumption that the experts have a comprehensive knowledge of what constitutes a critical
flow component for the considered functions and values (see [7] for details of the described holistic
methods and their limitations). Moreover, some authors argue that classical approaches are not suited
to modified and managed rivers where returning to natural conditions is no longer feasible, and their
objective is to design e-flows in order to maximize natural capital and support economic growth,
recreation or culture [15].

Estuarine systems are paradigmatic coastal landforms depending on river flows where the link
between such flows and their socioecological functions and values is typically complex, so holistic
methods are even more necessary for establishing e-flows than in rivers. Deltas are a particular type of
estuarine system in which the dependence on river flow (water, sediments, nutrients) is very strong,
especially in river-dominated deltas such as the Mediterranean ones [16,17], but e-flow proposals for
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deltaic systems are scarce [18–22]. E-flow requirements of estuaries have been ignored in the past,
mostly because of the lack of long-term monitoring data or understanding of the responses to changes
in freshwater inflow [23]. Three main countries have developed methods for estuaries (i.e., Australia,
South Africa and USA), from practical applications and a learning-by-doing approach [23–28], but some
efforts have also been made in other countries like China [22,29]. Recent methods take a holistic
and adaptive standpoint and are presented as frameworks that include a number of steps and have
elements of risk assessment and adaptive management [23]. Effective e-flows need to be explicit about
flow-ecology relationships to adequately determine the amount and timing of water required [30].
This is not an easy task, especially in estuarine systems, so the main challenge is to perform good
quality research and monitoring to establish sound quantitative relationships between flow regime
features and socioecological functions and values, acknowledging that in many cases it is very difficult
and too simplistic looking for single quantitative flow-function/value relationships. In this synthesis
paper we use the case of the lower Ebro River and its delta to illustrate the complexity of establishing
e-flows in a large river connected to a protected estuarine system, and the need to use a holistic
approach in order to consider as many functions and values as possible.

The Ebro Delta is one of the largest wetland areas in the western Mediterranean and one of the
most important estuarine zones in Europe [31]. Declared Natural Park in 1983, Special Protection Area
(SPA) under the Birds Directive (Directive 2009/147/EC) in 2006 and World Biosphere Reserve in 2013,
more than 8000 ha are protected by the Spanish legislation. The delta shows a great diversity of habitats,
with endemic faunal (ornithological and ichthyologic) and halophilic floral composition [32], together
with important human activities that require flows such as rice agriculture, fisheries, aquaculture and
tourism [20]. Consequently, the lower Ebro’s hydrology, geomorphology and ecology are strongly
impacted by the existence, features and operation of dams [33].

The aim of this paper is to carry out a critical analysis of the e-flow proposals for the lower
Ebro River and Delta (Figure 1), in order to highlight the possible environmental and socioeconomic
impacts arising from the e-flow regime approved by the PHE. Additionally, based on existing scientific
information, guidelines to establish an e-flow regime through a holistic approach that allows the
maintenance of the main socio-ecological functions and values are discussed; highlighting those
functions and values for which not enough information is available. More specifically, we show
an example of determination of e-flows in which existing scientific information can be used (and is
partially used by the Governments) to build an e-flow regime by overlapping the river flow needs
of different socioecological functions and values. This is a holistic approach in the sense that the
main environmental and socioeconomic functions and values are considered and can be progressively
integrated into the e-flow regime. From the other hand, we show what goes on in terms of e-flow
implementation by the administrations, comparing the e-flow regime in force (Spanish Government)
and the e-flow proposed by the Government of Catalonia. We also show other functions and values not
considered in these two official proposals that could be considered in the future to advance towards a
more holistic e-flow regime.
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Figure 1. Lower Ebro River and its delta, showing the water units (for hydrological planning) belonging
to the river and the estuary. Gauging stations, weirs, dams and tributaries are also represented, as well
as the location of the city of Tortosa and the island of Gràcia. Source: modified from Belmar et al. [34].

2. Requirements and Methods to Establish E-Flows in the Lower Ebro River and Delta

The European Commission presented in December 2012 the Blueprint to safeguard Europe’s
water resources, an action plan to protect Europe’s water resources. One of the most important points
of the Blueprint is the need to develop a guidance document on how to estimate e-flows. In 2015,
the European guide “Ecological flows in the implementation of the Water Framework Directive” was
published (European Commission, 2015). The guide calls on member states to make the best possible
use of available knowledge in relation to e-flows throughout the implementation process of the Water
Framework Directive (WFD), but no specific methods are recommended. In accordance with the
WFD, the European guide of e-flows [35] considers that their definition must take into account, (a) the
principle of non-deterioration of water bodies, (b) the achievement of good ecological status and, (c) the
satisfaction of the specific requirements for protected areas designated to protect habitats and species
included in the Natura 2000 network where flows are an important factor for their protection.

The legal and technical requirements for the estimation of environmental flows (e-flows) in
the Ebro River basin have been evolving over the last 20 years, in accordance with the changes in
legislation in the European Union (EU), Spain and Catalonia. The first regulatory framework to
establish e-flows in the lower Ebro River was formulated in 1999 and refers specifically to the mouth
area, where “a minimum environmental flow of 100 m3/s” is set indicatively. Then the Tenth Additional
Provision of Law 10/2001, of the National Hydrological Plan (PHN) contemplated the elaboration of the
Integral Plan of Protection of the Ebro Delta (PIPDE) with the purpose of “ensuring the maintenance
of the special ecological conditions of the Ebro Delta”. To achieve this, it was requested to establish
a flow regime to allow “the development of the ecological functions of the river, the delta and the
nearby marine ecosystem”. This specific flow regime for the Ebro Delta has not been established so far,
although the Government of Catalonia (through the Catalan Water Agency, ACA) has made several
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proposals to the authority of the river basin (Ebro Hydrographic Confederation, CHE), which have not
been accepted.

The creation by the Government of Catalonia of the Commission for the Sustainability of Terres
de l’Ebre (CSTE), legally allowed the elaboration of an e-flow proposal for the lower Ebro River and
the delta according to the specific requirements of Law 10/2001 of the PHN (modified by Law 11/2005).
Terres de l’Ebre is a region that includes the southern counties of Catalonia located in the lower Ebro
River basin. Importantly, CSTE integrates all relevant stakeholders and administrations, including
the Government of Spain. Studies to formulate the CSTE’s e-flow proposal were conducted by the
research institute IRTA at request from ACA [36]. The e-flow proposal was finally approved by CSTE
in March 2007 and submitted to CHE. The Government of Spain approved in 2007 the “Regulation of
Hydrological Planning” and, later, the “Technical Instruction of Hydrological Planning” (IPH; [37]),
which develops regulatory contents in relation to the process of establishing e-flows. In summary,
such contents establish that e-flows for rivers must be calculated using hydrological methods validated
through fish habitat simulation.

Both the European and the Spanish legislations (WFD, PHN and IPH) establish the need to
take into account the e-flow requirements to conserve in good ecological status the transitional and
coastal waters (estuaries, coastal lagoons, deltas and marine area influence by rivers). The IPH makes
specific reference to the environmental functions and values that e-flows must maintain in the case of
transitional waters, and therefore to the main environmental impacts that must be avoided. The three
fundamental functions are formulated in this way:

(a) That a prolonged duration of the salt wedge in the estuary does not cause conditions of anoxia,
nor a significant change or disappearance of species that are not tolerant to salinity, nor an
increase in the frequency and intensity of algal blooms, with detrimental effects on the balance of
organisms present in the water body.

(b) That sufficient flows are provided to generate nutrient export rates that maintain the productivity
of transitional and coastal waters.

(c) That floods are designed to provide the sediments necessary to maintain the characteristic
geomorphological elements (river islands, coastal bars, deltas, etc.) and to contribute positively to
the coastal dynamics, as well as to the maintenance of the frequency of washing of accumulated
sediments and organic matter.

The IPH states that “to the extent that the protected areas of the Natura 2000 network and
the wetlands of the Ramsar Convention may be appreciably affected by e-flow regimes, they must
maintain or restore a favorable conservation status of habitats or species, responding to their ecological
requirements and maintaining in the long term the ecological functions on which they depend”.

In this context, the CSTE took into consideration the following main environmental functions and
values in its e-flow proposal, both in 2007 and in 2015, in accordance with the legislation in force:

1. Maintaining habitat diversity and their connectivity (including salinity gradients), to avoid
substantial changes in the distribution and presence of flora and fauna.

2. Maintaining appropriate hydrodynamic conditions in order to: (a) ensure the frequency and
duration of stratification processes, minimizing the risk of loss of bottom water quality due to
anoxia or algal blooms; (b) favor the mechanisms of dispersal of certain species (suspension or
transport of eggs and larvae, seeds, etc.); (c) control marine intrusion into adjacent coastal aquifers.

3. Maintaining the spatial and temporal diversity of habitat conditions to meet the needs of different
species throughout their life cycles.

4. Synchronizing the seasonal patterns of flow and salinity with other environmental parameters
(temperature, light, nutrients, etc.) for the maintenance of certain biological processes (reproduction,
migration and dispersal, etc.).
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5. Controlling the presence and abundance of the different species of phytoplankton, macrophytes,
benthic fauna and fishes, through the control of high flows, to avoid abrasion, erosion and drag
in the case of the river and the estuary.

6. Maintaining the physic-chemical conditions of water and sediment in order to: (a) avoid the
excessive accumulation of organic matter and anoxia in the river and estuary; (b) favor dilution of
point or diffuse pollutants; (c) hinder the conditions conducive to algal blooms; (d) maintain the
levels of turbidity that control the light regime in the water column and the primary production
of the ecosystems.

7. Improving habitat conditions and availability through geomorphological dynamics in order
to: (a) avoid the problems of accumulation of fine particles in the substrate; (b) maintain the
distribution of sediment granulometry and mobility; (c) preserve the characteristics of the river
channel and its structural elements (river islands, abandoned meanders, etc.); (d) favor the arrival
and transport of sediments and nutrients in the estuary, delta and coastal system.

8. Controlling of the hydrological processes that regulate the connection of the transitional waters
with the river, the sea and the associated aquifers in order to: (a) control the water flows in
the estuary, lagoons and bays; (b) control the frequency, duration and length of the salt wedge;
(c) avoid sediment accumulation hindering aquifer-river connectivity.

It should be noted that often there is little information to quantify the effects of flow regime
alteration on environmental and socioeconomic functions and values. Further studies are necessary to
establish quantitative relationships between flow regime and socioecological functions and values.

In 2015, the CSTE created a technical commission to update the 2007 e-flow proposal, so that the
Government of Catalonia could present a new proposal for the next cycle of hydrological planning
(Hydrological Plan of the Ebro, PHE). However, the PHE in force (2015–2021) was approved by the
Government of Spain without accepting the allegations presented by the Government of Catalonia in
relation to the proposed e-flow regime. Thus, the present e-flow regime is very similar to the previous
ones, maintaining the indicative 100 m3/s established for the mouth area, and is considered to be
insufficient by many experts to maintain fundamental ecological and socioeconomic functions and
values of the lower Ebro River and Delta [20,31]. For the update of the proposal of ecological flows in
the lower Ebro River and Delta [19], the following aspects were considered:

• The new regulatory requirements: especially those established in the “Technical Instruction for
Hydrological Planning” (IPH; [37]). The methodology for defining the e-flow regime was also
adjusted to follow the e-flow European guide published in 2015.

• The selection of the hydrological method: a review of the main hydrological methods for calculating
e-flows was carried out, selecting the one that best suits the conditions of the lower Ebro River.

• The time period of the hydrological series: the same series used in the PHCE were selected.
• The simulation model of the natural flow regime: the same simulation method that the CHE

was used.

Such aspects were implemented through a protocol for establishing the e-flow regime proposal,
as follows:

• An initial proposal was made based on hydrological methods.
• Subsequently, a biological validation of the hydrological proposal was performed (as indicated in

the IPH).
• In addition, further requirements of the Ebro estuary to maintain its functionality and “good

condition,” as established by the IPH were considered.
• The ecological functions of the river, delta and nearby marine ecosystem have also been considered,

as required by the tenth additional provision of the PHN Act.
• Finally, the requirements for protected areas dependent on river flow were also considered,

as required by Article 4.1.c of the WFD.
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These aspects were considered combining the biological validation of the hydrological proposal
developed, as stated, with an assessment of the ecological characteristics of the Delta. Then,
bibliographical research guided the diagnosis of the flow requirements to maintain such characteristics.
Additionally, available biological data allowed determining empirical relationships between flows and
ecological properties (e.g., alien species). This provided a more holistic perspective.

3. Current and Proposed E-Flow Regimes in the Lower Ebro River

This section presents the data of the e-flow regime for the lower Ebro River and delta approved
by the Government of Spain through the Hydrological Plan of the Ebro [38] and makes a comparison
with the proposal elaborated by the Government of Catalonia [19]. The e-flow regime approved by the
PHE implies an annual runoff of 3010 hm3/year that is 17% with respect to the natural regime in the
first half of the last century (17,300 hm3/year), and 34% with respect to the actual flow regime of the
last 20 years (8826 hm3/year). This means that the current runoff in the lower Ebro River is half (51%)
the original runoff before dam construction, intensive water use and climate change. Notice that the
e-flow regime in force is much lower than the current river flow, while the e-flow proposed by the
Government of Catalonia (7732 hm3/year) is close to the current river flow (see Table 1).

Table 1. E-flow proposals (monthly mean annual flow, m3/s; total, hm3/year) for the lower Ebro River
and delta elaborated by the Spanish (PHE) and Catalan (CSTE) Governments. The PHE is the proposal
presently in force.

Month PHE
CSTE

Dry Average Humid Minimum **

October 80 84 124 192 82
November 80 153 219 326 114
December 91 204 249 396 119

January 95 143 219 321 123
February 150 166 260 316 124

March 150 212 283 410 111
April 91 329 * 410 475 157
May 91 303 410 413 135
June 91 268 310 368 97
July 80 147 180 212 101

August 80 107 132 166 91
September 80 120 151 178 86

Total 3010 5871 7732 9907 3518

* A minimum of 15 days with more than 410 m3/s must be guaranteed. ** It corresponds to the concept of
exceptionality (severe drought) of article 4.6 of the WFD.

This e-flow regime is very similar to that in force in previous river basin plans (PHE), with a mean
annual flow close to 100 m3/s. The monthly flow distribution of the e-flow regime in force (PHE) and
the regime proposed by the Government of Catalonia are shown in Table 1, ranging from 80 to 150 m3/s
in the first case and from 124 to 410 m3/s in the second case (for average years). The last proposal of
e-flow regime elaborated by the Government of Catalonia [19] supposes an annual runoff of 5871 hm3

in dry years, 7732 hm3 in average years, and 9907 hm3 in humid years. This e-flow regime corresponds
to the Ebro River gauging station in Tortosa (before entering the delta). In order to maintain the
hydromorphological conditions of the Ebro River and allow the transport of sediments to the delta,
the CSTE proposal also includes a flood regime of an average duration of 27 days during the months of
March, April and May. The maximum flow is defined at around 1800 m3/s and would be applicable
in wet years (and in average years if there are sufficient reserves in the reservoirs). These controlled
floods overlap with the e-flow regime, so that they represent an additional runoff of 1548 hm3 (out of
2615 hm3 flood runoff). The CSTE proposal also establishes a minimum annual runoff of 3518 hm3

as the minimum flow in exceptional drought conditions (Table 1), which is not considered an e-flow,
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but corresponds to the concept of temporary deterioration by exceptionality (prolonged drought) in
accordance with Article 4.6 of the WFD. This is a measure of “minimum services” to withstand an
exceptional period and to be able to recover the good ecological status of the water bodies. In addition
to the e-flows, there are irrigation concessions in the delta (370 hm3/year), some of which (30%) end up
in the lagoons of the delta or in the sea (agricultural drainage).

Table 1 shows that the e-flows in force (PHE) are well below the ones proposed by the CSTE,
and even below the minimum flow regime of exceptionality (prolonged drought). This implies that,
in the event that the planned uses in the basin increase according to water resources allocations granted
in the PHE (especially for irrigation), the impacts of the subsequent flow decrease will be progressively
higher in the lower Ebro River and Delta, harming both environmental and socioeconomic functions
and values [31].

4. Socioecological Functions and Values to Be Considered for the Quantification of the E-Flow
Regime in the Lower Ebro River and Delta

Here we carry out the analysis of the potential impacts of the e-flow regime in force (PHE)
on the lower Ebro River and delta, as well as the flow requirements that would be necessary for
those functions and values for which rigorous and quantifiable technical and scientific information
is available. The main functions and values for which a quantitative scientific assessment has been
made in relation to a holistic determination of the e-flow regime for the lower Ebro River and Delta
are summarized in Table 2. The existing scientific and technical information relating flows and
socioecological functions and values is analyzed in the next sub-sections.

Table 2. Relationship between river flows and environmental functions and values that have been
quantitatively assessed in the lower Ebro River and delta. Compliance with e-flow proposals is shown.

Functions & Values E-Flow Requirements Source
Compliance?

CSTE PHE

Species of conservation concern
(Twaite shad)

50% of weighed usable area (WUA) for
breeding is achieved with a mean spring

flow of 252 m3/s
IRTA [36] yes no

Control of alien species (fish) in
the river

50% of weighed usable area (WUA) for
dominance of native over alien species is

achieved with a mean annual flow of
194 m3/s

Caiola et al. [39]
CSTE [19] yes no

Good ecological status of the river
A theoretical mean annual flow >>400 m3/s
would be required to achieve a moderate

ecological status (WFD fish indicator)
Belmar et al. [34] no no

Control of macrophyte spread in
the river

Spring flood during 27 days (2615 hm3)
with a peak flow of 1800 m3/s

Ibáñez et al. [40] Partially 1 no

Sediment transport to the delta
Spring flood during 27 days (2615 hm3)
have a sediment transport capacity over

2 Mt/year
IRTA [41] Yes 2 no

Control of salt wedge in
the estuary

Minimum of 410 m3/s to wash away salt
wedge in spring and 130 m3/s to stop it in
Gracias Island (18 km from river mouth)

Sierra et al. [42]
Ibáñez et al. [43] Yes no

Coastal fisheries
1 m3/s of river flow during the anchovy

breeding period represents an increase of
0.114 Mt of monthly catch a year later

Salat et al. [44] n.a. 3 n.a. 3

1 The flood may prevent further macrophyte spread but not remove the current spread. 2 Further research is needed
to quantify more precisely the transport capacity under present conditions in case sediment are by-passed trough
reservoirs. 3 The relationship between river flow and anchovy production cannot be converted into an e-flow
requirement. The question “what is the minimum anchovy landing” is meaningless.

In order to better understand the ecological impacts of human intervention on the lower Ebro
River in the last decades and help to interpret the complex links between flow regulation and ecological
processes we present a conceptual model (Figure 2). This model shows the main impacts of dam
construction and the increase in water use that lead to reduced flow, sediment deficit and eutrophication.
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The last 20 years are characterized by a re-oligotrophication due to phosphorus decline as consequence
of the implementation of waste water treatment plants and other measure to improve water quality in
the Ebro River watershed (see Ibáñez & Peñuelas [45]).

 

Figure 2. Conceptual model showing the main human impacts and changes in the ecosystem that the
lower Ebro River has suffered in the last 60 years.

4.1. Conservation of Protected Species, Habitats and Ecological Quality

Until recently, efforts to quantify the relationship between the flow regime and protected species
have focused on the case of the Twaite shad (Alosa fallax). This fish species disappeared completely
from the river decades ago but has started to recover during the last 20 years. The amount of the
Twaite shad reproductive habitat was simulated under different river discharge scenarios in order to
determine its relationship with the flow regime [36]. According to this empirical function obtained
with field data, a flow of 100 m3/s (mean e-flow in force) provides only 20% of the potential weighted
usable habitat (WUA), while 60% (required by IPH regulations) is achieved with a flow of 252 m3/s.
The e-flows of the CSTE proposal provide potential habitat for Twaite shad in the range of 50–80% of
the maximum WUA as required by the IPH. The available information shows that the e-flow in force
(PHCE) violates the Spanish regulations (IPH) and does not guarantee the reproduction of this species.

With regard to the species listed in Annex IV (a) of the Habitats Directive 92/43/EEC, as well
as the species included in the Catalogue of Threatened Species of Spain, the e-flow regime should
ensure adequate conditions to safeguard the ecological functionality of its breeding and resting areas.
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The available information and the difficulty to link flow regimes with impacts on specific habitats and
species, only allows us to make a qualitative estimate of the impact that the e-flow regime in force may
have on the protected areas of the lower Ebro and Delta. The habitats and species of the banks and
islands of the Ebro would certainly be affected, as the permanent low flows and the suppression of
floods would modify the structure of riparian vegetation and cause its degradation [46,47]. The habitats
and species of the Ebro Delta would be affected differently with more or less intensity depending
on their characteristics; in general, the habitats and species most dependent on the water supply of
the river would be the most affected, especially the estuary and some coastal lagoons and wetlands
(Garxal, Buda Island, etc.). Finally, the species in the marine area of influence would be affected by the
lower supply of fresh water and nutrients, which would have a negative impact on fish production
(see Section 4.6) and seabirds that feed on this production. However, additional studies are needed to
better quantify these impacts.

Ensuring sufficient river flows is one of the most important management tools to maintain the
conservation status of the Natura 2000 sites. The lower Ebro River and Delta region has more than one
million hectares of Natura 2000 surface area (125,000 ha of terrestrial sites, 53,500 ha of coastal sites and
901,000 ha of marine sites) The EU Natura 2000 network includes Special Areas of Conservation (SACs)
and Special Protection Areas for Birds (SPAs). In such cases, e-flows should be appropriate to maintain
or restore the favorable conservation status of the natural habitats and wild species of fauna and flora of
Community interest listed in the Annexes of Directive 92/43/EEC and Directive 2009/147/EC. The three
protected areas most affected by river flows are “River banks and Ebro Islands” ZEC, the “Ebro Delta”
ZEC and SPA and the “Delta-Columbrets” marine SPA. However, the available information for the
Ebro River and Delta is not sufficient to establish quantitative flow criteria, so specific studies are
needed to deepen into the relationship between flows and conservation status of habitats in order to
carry out the biological validation of the e-flow regime.

Some studies in the Ebro have recently been carried out to evaluated the relationship between the
flow regime of the river and some components of biodiversity such as the abundance of protected
species of birds in the delta, as well as the ecological quality of the final stretch of the river, measured
through fish community [34,48]. Such studies showed that flow regime was significantly related to
only a few deltaic bird species, and likely due to an indirect effect on prey availability in rainy years.
However, a clearer effect of flow regime on ecological quality (EQ) according to the WFD (measured
through fish community) was observed in the lower Ebro River. Mean flow magnitude was directly
related to EQ and there were two outcomes relevant for water management. First, the effect on EQ was
circumscribed to a specific temporal frame matching the annual cycle (12 previous months). Second,
despite the positive relationship found (higher scores of EQ with higher river flow), it would be
unfeasible to achieve a good ecological status in the lower Ebro only with an increase in mean flow.
In this context, the control of the proliferation of macrophytes (which favor alien fish species) that may
be done maintaining floods, naturally occurring in spring [40], would allow to achieve a certain EQ
with lower river flows. In recent decades, macrophytes have spread due to reduction in high flows
caused by dam management, together with the increase in water transparency due to phosphorus
removal [49]. Nevertheless, these results also indicate that further research to assess ecological quality
in rivers with great abundance of invasive species is necessary, as such species may condition the
determination of ecohydrological relationships and the definition of e-flows.

4.2. Control of Invasive Species in the River

The efforts to quantify the relationship between the flow regime and invasive species have focused
on the effects on the ratio between native and alien species, being one of the metrics considered in the
elaboration of the ecological status indices of the WFD. Previous works have analyzed the relationship
between flows and such ratio using a univariate logistic regression model [39], which was the basis
for the biological validation of flows in the CSTE proposal. This was done through the simulation
of flow scenarios by applying hydraulic models to test the biological significance of each of the flow
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proposals, by analyzing the proportion of suitable habitat to maintain the structure and integrity of the
fish community in the lower Ebro River (ensuring the dominance of native species over non-native
species, listed in Caiola et al. [39]).

Taking as a reference the minimum thresholds of 50 or 60% of the WUA required in the IPH, it can
be estimated that a runoff of 6115 hm3/year would provide 50% and a runoff of 8429 hm3/year would
provide 60% for native species. One can estimate the percentage of WUA that the different proposals
for e-flow regimes would represent, using the relationship showed by the Figure 3. The proposed
CSTE e-flows, calculated from hydrological methods, always provided a habitat between 49 and 65%
of the WUA and therefore follows the criteria established by the IPH.

Figure 3. WUA/Flow curve to reach a proportion greater than 50% between native and non-native fish
species in the lower Ebro River. Source: modified from CSTE [19].

The available information also allows us to make an estimate of the impact that the application of
the e-flow regime in force (PHCE) would have. In this case, the WUA would be only 28%, well below
the minimum of 50% required by current Spanish regulation (IPH). This would imply a greater
proliferation of invasive species and a worsening of the ecological quality index of the WFD based on
fish, violating the principle of non-deterioration of water bodies in the European legislation. In any case,
despite the adjustment obtained (Figure 3), additional research is necessary to better understand the
relationship between flow regimes and the proportion of native species, given the moderate adjustment
of the underlying univariate logistic regression model (R2 = 0.514; [39]).

4.3. Control of Macrophyte Spread in the River

Current Spanish regulations (IPH) state that the e-flow regime in the case of rivers must include
flood flows, in order to control the presence and abundance of different species, maintain the physical
and chemical conditions of the water and of the sediment, and improve the conditions and availability
of habitat through the maintenance of the geomorphological dynamics. For this purpose, floods play
an important role as disruptive elements that control the presence and abundance of species. Since the
commissioning of the reservoirs in the lower Ebro River (1960’s), the hydrological regime of the lower
Ebro has maintained episodes of floods that have gradually reduced its magnitude and frequency [50].
The environmental monitoring carried out in recent years has allowed establishing threshold values of
river flow around 2000 m3/s (but significant ecological changes have been observed). For the period
2006–2015, three floods were recorded with a maximum average daily flow equal to or greater than
1800 m3/s. The average runoff of the three floods was 2724 hm3, with an average duration of 27 days,
and an average daily flow of 1170 m3/s (peak flows were in the range 1800–2100 m3/s).
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In the last 20 years, the proliferation of macrophytes in the lower Ebro River has been great [49]
and has had negative effects on the ecological, socioeconomic and hydromorphological system, such as
the promotion of invasive species, the proliferation of blackflies, difficulties for navigation and the
impact on the cooling system of the Ascó Nuclear Power Plant. The decrease in the floods of the
Ebro River due to dam regulation and intensive water use have also led to the deterioration of its
hydromorphological status (i.e., riverbed encroachment) and a lower capacity to transport sediments.
In 2007, the decrease in macrophyte coverage after a flood could be measured in two sections of
about 2 kilometres in Móra d’Ebre and Ginestar [40]. In Móra, the coverage went from 36.6% to
9.80%, and in Ginestar it went from 21.2% to 2.0%. The flood of 2015 presented similar flows but a
longer duration (33 days). The inspection of the Miravet-Benifallet section by boat showed a very
high effectiveness in removing macrophytes, although the change in coverage could not be measured.
Further monitoring and research is needed in order to establish the magnitude and frequency of flood
to control macrophyte spread.

The available scientific information allows us to estimate the impact that the e-flow regime in
force would have on macrophyte proliferation. A regime of sustained low flows and no floods that is
characteristic of the present e-flow regime implies a strong proliferation of macrophytes that will tend
to be, with a coverage close to 100% in all areas above 4 m of depth [40]. This would lead to a whole
host of negative effects, especially a much stronger proliferation of blackflies, the proliferation of alien
species and a decline of native species such as the protected bivalve Margaritifera auricularia and other
protected species.

4.4. Sediment Transport in the River and Coastal Regression in the Delta

There is a direct and positive relationship between river flow and sediment transport capacity,
but in terms of delta growth (and retreat) sand is the critical material, while fine sediment (silt, clay)
is either exported offshore or deposited in the delta plain [51]. However, sediment inputs to deltas
has been dramatically reduced in the last decades due to dam construction, being the lower Ebro
River an extreme case in which sediment transport has been reduced by 99% in relation to pre-dam
conditions [33]. Annual sediment transport under pristine conditions was in the order of 30 Mt [52],
while at present rounds 0.1 Mt [53]. Despite the transport capacity of the lower Ebro River has been
significantly reduced after dam construction [50], the river still keeps a remarkable capacity during
spring floods (Figure 4). In the lower Ebro River, flows required to transport sand and avoid coastal
delta regression must be greater than 620 m3/s [54]. The average runoff of spring floods for sediment
transport under present conditions has been estimated at 2724 hm3, with an average duration of
27 days, an average daily flow of 1170 m3/s and a maximum daily flow of 1894 m3/s [19]. Based on the
characteristics of these floods, both magnitude and duration, it is estimated that they would allow
the transport of more than 2 Mt of sediment per year by applying some sediment by-pass system to
the Riba-roja reservoir [41], which would substantially slow down the regression of the Ebro Delta
coast in the mouth area [55]. It has been estimated that by 2050, considering a sea level rise scenario
4.5 of the IPCC, the annual sediment deficit for the entire delta will be 1.69 × 106 m3 while by 2100
will be 5.93 × 106 m3. The minimum deficit to keep the delta above sea level has been estimated at
0.17 × 106 m3 and 3.30 × 106 m3 by 2050 and 2100, respectively [56].

The e-flow regime in force does not allow the generation of these floods, which implies a technical
impossibility to bring sediments to the delta, and therefore curb the regression of the coast and the
subsidence of the deltaic plain. The available information allows concluding that the e-flow regime
in force would accentuate the deficit of sediments and the process of regression of the Ebro Delta,
which entails a loss of agricultural land and protected natural areas [57]. An option to face this issue
would be the transfer of sediments from the Riba-roja reservoir to the lower Ebro River and delta.
Specific studies evaluating the by-pass systems, costs and benefits of the sediment transfer are being
carried out, while the practice of sediment by-pass in reservoirs is being progressively expanded all
around the world, mostly to avoid the loss of water storage capacity of reservoirs [58]. Moreover,
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further research is needed to quantify more precisely the transport capacity under present conditions
in case sediment are by-passed trough reservoirs. The problem relies on the difficulty to calibrate
and validate sediment transport models with floods carrying out suspended sediment far below
their capacity.

Figure 4. Hydrograph of the lower Ebro River highlighting the main floods for the period 2006–2015.
Source: modified from CSTE [19].

4.5. Control of the Salt Wedge in the Estuary

The final stretch of the Ebro River (the last 27 km) behaves like a highly stratified estuary with a
salt wedge. The dynamics of this wedge is important from an ecological and economic point of view
and is closely linked to the flow of the river, although there are other factors such as bathymetry and
sea level that also play an important role. Several studies have been performed through numerical
modelling to evaluate the role of flow regime in the dynamics of the salt wedge [42,43,59]. Table 2
summarizes the main results of the studies that have been used in the determination of the e-flow
proposal by CSTE, as well as some posterior studies. These studies analyzed the monthly flows under
natural conditions based on data from the hydrological model used by CHE, the “Integrated System
for Rainfall-RunoffModelling” (period 1980–2006) and the hydrological series measured at Tortosa
gauging station (period 1980–2012). Table 3 compares the flows that, according to different studies,
ensure that the river does not have a salt wedge or avoids its pass beyond the island of Gràcia (18 km
from the mouth), reaching the town of Amposta (25 km from the mouth). Taking the most recent study
as a reference [42], the salt wedge is considered to completely disappear with a flow above 410 m3/s.
Based on this requirement, the proposed e-flow regime of the CSTE considered that at least two months
a year the flows that wash the salt wedge away are reached (in average years). For wet years, the e-flow
is increased to be able to have three months without salt wedge. The aim is to ensure that the presence
of salt wedges does not increase significantly with respect to the natural flow regime to avoid hypoxic
conditions [43], in order to guarantee the principle of non-deterioration of the ecological status of
the estuary.

Table 3. Minimum river flows (m3/s) required for the control of the salt wedge in the Ebro estuary,
according to different studies.

Study To Wash Away Salt Wedge To Stop Salt Wedge at Gràcia Island *

Sierra et al. [42] 410 130
Ibáñez et al. [43] 342 120

Guillén & Palanques [59] 400 150

* Gràcia Island is located 18 km upstream the river mouth and it constitutes a natural sill to prevent the progression
of the salt wedge towards its maximum possible distance (32 km upstream the river mouth).
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The available information allows us to estimate the impact that the application of the e-flow
regime in force (PCHE) would have on the salt wedge dynamics. In the event that this flow regime
becomes the real regime of the river, the salt wedge would be present in the Ebro estuary permanently,
and only two months (February and March) would be downstream the island of Gràcia (18 km from
the river mouth). This would imply a worsening of the ecological conditions of the estuary, as the
stratification of water favors the accumulation of organic matter and the decrease of dissolved oxygen
in the water (hypoxia). As a result, it would violate the principle of non-deterioration of the WFD and
other legal norms of Spain and Catalonia.

4.6. Coastal Fisheries

Terrestrially enriched river discharge favorably influences biological processes (i.e., growth,
survival and recruitment) that affect fisheries production. River effects are most noticeable
in oligotrophic seas (e.g., Mississippi River in the Gulf of Mexico, [60]; Rhône River in the
Mediterranean, [61]) and in semi-enclosed systems such as the Black Sea [62]. Several studies
have shown the influence of river inputs and other environmental factors on coastal fisheries,
especially in oligotrophic seas [34,60,62,63]. Some of these studies were carried out in the coastal zone
influenced by the Ebro River discharge [34,61,63,64]. In these studies, both pelagic fish (European
anchovy, Engraulis encrasicolus) and shellfish (caramote prawn, Penaeus kerathurus and mantis shrimp,
Squilla mantis) landings showed to be positively influenced by the Ebro River runoff. The life cycle
characteristics of small pelagic fish and larvae (high mobility, plankton-based food chain and short
life) make them particularly sensitive to environmental variations. The presence of larvae has been
strongly associated with freshwater inputs and, in fact, the main spawning areas of anchovies in the
western Mediterranean are near the mouths of the two largest rivers in the region, the Rhône and the
Ebro. The European anchovy (Engraulis encrasicolus) is distributed throughout the Mediterranean Sea
and is one of the main fishing resources, but in the Western Mediterranean, anchovy fishing has shown
a declining trend since the 1990s.

An empirical model [44] estimated that an additional contribution of 1 m3/s of Ebro River flow
during the anchovy breeding period represents an increase of 0.114 Mt of monthly catch a year later.
Moreover, 63% of the variance of the time series of catches is explained by the variance in the flow of
the river, with a delay of 12 months (which matches the time span observed in the lower Ebro River,
see Belmar et al. [48]).

More recently, Belmar et al. [34] studied the relationship between the outflows of the Ebro River
and shellfish species with socioeconomic value such as prawn and mantis shrimp. Like Lloret et al. [44],
they found that the temporal scale considered determine the ability of flows or of water quality to
explain changes in fish productivity. Nevertheless, such productivity also seemed to depend on the
fishing technique. More accurate models would be necessary to improve the relationships found and
understand the mechanisms that produce them.

The available information allows us to state that the e-flow regime in force cannot maintain the
fisheries of the continental shelf of the Ebro delta. This topic has been studied and partly quantified in
the case of anchovies, sardines, prawns and mantis shrimps. However, there will be necessary further
scientific studies to determine the quantitative relationship between flows and nutrients of the river
Ebro and fisheries production, in order to extend them to other species of high commercial interest
where the relationship between flows and fisheries production is more complex.

4.7. River Flow Regime and Socioeconomic Functions and Values

The main socio-economic functions and values that are directly or indirectly dependent on the
river flows but for which sufficiently contrasted information is not available to make a quantitative
assessment of the impacts derived from the altered flow regime are the following (see summary in
Table 4):
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• Besides the dependence of coastal fisheries on river flow in terms of maintaining biodiversity and
biological productivity, the studied quantitative relationship can be converted into social and
economic costs that should be quantified. However, the relationship between river flow and fish
landings cannot be converted into an e-flow requirement, as it is the case for many socioeconomic
functions and values. Regarding aquaculture, there are evidences that reduced river flows can
impact shellfish production (mussels, oysters, etc.; [65]), but no quantification has been done in
the delta yet.

• The minimum flow required to guarantee the navigability in the lower Ebro River was set in
120 m3/s in the Navigability Project (touristic navigation). The e-flow regime in force only exceeds
this figure in February and March, while the rest of the year navigation is partially compromised.
CSTE e-flow proposal complies with this flow in average and wet years, but not in dry years.
The difficulty to maintain this minimum flow has triggered the elaboration of projects to dam
the river in order to increase river depth [66], which has created a lot of controversy due to the
potential negative environmental impacts and positive socioeconomic impacts.

• Salt water intrusion through the estuary due to low flow conditions may affect soil salinity and
productivity of delta rice fields, as suggested by some studies [67]. Further research is needed to
quantify these effects and estimate economic losses.

• River sediment deficit due to retention in reservoirs is causing a severe coastal retreat in the
mouth area (Buda Island) and hundreds of hectares of wetlands, coastal lagoons and beaches have
disappeared [57]; rice production is also threatened in some areas. Besides the loss of biodiversity
and ecosystem services there is a socioeconomic loss that has not been quantified yet. Increasing
the downstream flow of sediments retained in upstream dams is a crucial measure for dealing with
climate change threats (sea-level rise) in the Delta, but public policies do not increase sediment
flow. Instead, they implement incremental adaptation at the impacted site (coast), which implies
economic costs (small-scale land expropriations) and causes social conflict [68].

• Besides the direct land loss due to coastal regression, biodiversity (habitats and species) is affected
by declining flows in many direct and indirect ways, and there are social and economic values
associated to biodiversity loss that should be estimated, though often a monetary quantification is
limited or not possible.

• Given that there is a direct (but complex) relationship between water quantity and quality in rivers
and estuaries [69–72], the decrease in flows would have a potential negative economic impact on
aspects such as drinking water, industry, agricultural production and water treatment.

• Decreased flows may also have direct and indirect impacts on tourism: river navigation, blackfly
proliferation, sport fishing, habitat degradation, etc., but they have not been quantified.

• The impacts on industrial activities must also be considered, especially on the hydropower
production [73] and cooling needs of the Ascó nuclear power plant, but no quantification has been
done yet.

• The social impacts of the loss of heritage should also be analyzed, given that the population of
Terres de l’Ebre (lower Ebro basin) has a very strong perception that the Ebro River and Delta
have important cultural, economic and symbolic value.
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Table 4. Relationship between river flows and socio-economic functions and values of the lower Ebro
River and delta that have been assessed with existing information, mostly qualitative because of the
lack of studies.

Functions & Values E-Flow Requirements Source Comments

Coastal fisheries

Several quantitative relationship
between river flow and fisheries of

European anchovy, caramote prawn &
mantis shrimp

Sant Felíu [64]
Salat et al. [44]

Belmar et al. [34]

The relationship between river flow
and fish landings cannot be converted

into an e-flow requirement, but an
economic loss can be estimated

River navigation The minimum flow for touristic river
navigation was set to 120 m3/s Roset [74]

The e-flow regime in force only
exceeds this figure in February and

March. CSTE proposal complies with
this flow in average and wet years

Salt water intrusion in rice fields
An inverse relationship between river
flow in winter and soil salinity in rice

fields has been found
Genua-Olmedo et al. [67]

The relationship between river flow
and fish landings cannot be converted

into an e-flow requirement, but an
economic loss can be estimated

Sediment deficit and coastal
retreat in the delta

Sediment retention in reservoirs is
causing a severe coastal retreat in the
river mouth area (Buda Island) and

socioeconomic impacts

Valdemoro et al. [57]
Zografos [68]

Further research is needed to design
river floods with sufficient sediments
to stop coastal retreat in the mouth,

but an economic loss can be estimated

Biodiversity loss
(habitats & species)

Declining river flows are causing
biodiversity loss in direct and indirect

ways, with significant
socioeconomic impacts

Day et al. [31]
Often difficult to quantify the

socioeconomic impacts of biodiversity
loss, mostly in monetary terms

Water quality
Declining river flows may decrease
water quality (nutrients, chemical

pollutants, salinity, etc.)

Caruso [70]
Zhang et al. [72]

Literature points to ecological and
economic impacts of water quality
decline, but not yet assessed in the

lower Ebro River and delta

Aquaculture production Declining river flows may negatively
affect oyster and mussel production Powell et al. [65]

Literature points to economic impacts
of river flow decline on aquaculture,
but not yet assessed in the Ebro delta

Hydropower generation Declining river flows negatively affect
hydropower generation Kuriqi et al. [73]

Literature points to economic impacts,
but not yet quantified in the lower

Ebro River

5. Conclusions

The main impacts deriving from the implementation of the e-flow regime in force established
in the Hydrological Plan of the Ebro, from which contrasted scientific and technical information
(quantitative or qualitative) is available, are summarized below.

5.1. Environmental Impacts

• A mean spring e-flow of 91 m3/s would imply a potential useful habitat for the Twaite shad
(Alosa fallax) below 20%, and would not guarantee the reproduction of this fish species of
conservation concern.

• The e-flow regime implies a WUA of native species in the lower Ebro River of only 28%, well below
the minimum of 50% required by current Spanish regulations. This would imply a greater
proliferation of invasive species and a worsening of ecological quality indices.

• The e-flow regime implies that the salt wedge would be present in the Ebro estuary permanently,
and only for 2 months below the island of Gràcia (18 km from the mouth). This would imply
a worsening of the ecological conditions of the estuary, as the stratification of water favors the
accumulation of organic matter and the decrease of dissolved oxygen (hypoxia).

• With regard to macrophytes, an e-flow regime of sustained low flows without floods would imply
a strong proliferation, with a coverage close to 100% in all areas above 4 m of depth. This would
imply a much stronger proliferation of alien species and blackflies and a decline of native species.

• With regard to sediment transport, the e-flow regime in force does not guarantee the maintenance
of spring floods, making impossible in practice the option of transporting sediments to the delta
by implementing a sediment by-pass system in the lower Ebro reservoirs.
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• With regard to the protected areas, the habitats and species of the banks and islands of the Ebro
will be affected, as permanent low flows and the suppression of floods may change the structure
of riparian vegetation and cause its degradation.

5.2. Socioeconomic Impacts

• The e-flow regime in force cannot maintain the fishery of the continental marine platform of the
Ebro Delta. The link between river flow and fisheries has been studied in the case of anchovies,
prawns and mantis shrimps, but more research will be needed to extend them to other species of
high commercial interest.

• The available information suggests that the e-flow regime in force would involve a risk of
salinization of the rice fields of the Ebro delta, although further studies are needed to quantify
the impact.

• The e-flow regime in force will accentuate the sediment deficit and the coastal regression process
of the Ebro Delta, which involves a loss of agricultural land and protected natural areas.

• Other socioeconomic activities such as river navigation, tourism, hydropower production or
aquaculture will likely be impacted by the e-flow regime in force, although some studies are
needed to make a quantitative assessment in socio-economic terms.

The e-flow regime proposed by the Government of Catalonia [19] would be more suitable to
maintain the main socioecological functions and values of the lower Ebro River and delta that have
been analyzed in the present work. The lower Ebro River and delta is among the case studies where
more quantitative and qualitative criteria to set e-flows with a holistic approach have been established.
The existing information clearly suggests that the e-flows in force established by the Government
of Spain should be increased to guarantee the maintenance of the main socioecological functions
and values. However, additional studies are needed to validate the proposal of the Government of
Catalonia in some relevant aspects such as the capacity of the river to transport sediments to the delta
to avoid coastal regression and mitigate the effects of sea level rise and subsidence, as well as the
capacity of floods to controls the spread of macrophytes.
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Abstract: In the last century, large watersheds in Southern Europe have been impacted by a
combination of anthropogenic and climatic pressures, which have rapidly evolved to change the
ecological status of freshwater and coastal systems. A comparative analysis was performed for Ebro,
Rhône, Po and Danube rivers, to investigate if they exhibited differential dynamics in hydrology
and water quality that can be linked to specific human and natural forces acting at sub-continental
scales. Flow regime series were analyzed from daily to multi-decadal scales, considering frequency
distributions, trends (Mann–Kendall and Sen tests) and discontinuities (SRSD Method). River loads
of suspended matter, nutrients and organic matter and the eutrophication potential of river nutrients
were estimated to assess the impact of river loads on adjacent coastal areas. The decline of
freshwater resources largely impacted the Ebro watershed on annual (−0.139 km3 yr−1) and seasonal
(−0.4% yr −1) scales. In the other rivers, only spring–summer showed significant decreases of the
runoff coupled to an exacerbated flow variability (0.1–0.3% yr−1), which suggested the presence of
an enhanced regional climatic instability. Discontinuities in annual runoff series (every 20–30 years)
indicated a similar long-term evolution of Rhône and Po rivers, differently from Ebro and Danube.
Higher nutrient concentrations in the Ebro and Po (+50%) compared to Rhône and Danube and
distinct stoichiometric nutrient ratios may exert specific impacts on the growth of plankton biomass in
coastal areas. The overall decline of inorganic phosphorus in the Rhône and Po (since the 1980s) and
the Ebro and Danube (since the 1990s) mitigated the eutrophication in coastal ecosystems inducing,
however, a phase in which the role of organic phosphorus loads (Po > Danube > Rhône > Ebro)
on coastal productivity could be more relevant. Overall, the study showed that the largest South
European watersheds are differently impacted by anthropogenic and climatic forces and that this will
influence their vulnerability to future changes of flow regime and water quality.

Keywords: river runoff; anthropogenic pressures; climate change; water quality; coastal productivity;
time series; Mediterranean; Black Sea

1. Introduction

Over the past half of the century, anthropogenic activities have largely impacted freshwater
and coastal ecosystems, changing river loads of suspended matter, nutrients, organic matter and
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causing the mobilization of a variety of human-derived chemicals from the land to receiving water
bodies. The increase of river nutrient loads, besides sustaining the productivity of large marine regions,
have caused widespread eutrophication and changes in the structure of fluvial, estuarine and marine
food webs [1–5]. High freshwater and nutrient loads enhance the stratification of the water column
and the accumulation of algal biomass in estuaries and coastal areas, frequently leading to hypoxic
conditions that cause the degradation of pelagic and benthic habitats [6–12]. Harmful algal blooms
can be promoted by high nutrient loads or by altered nutrient ratios, with negative consequences for
marine fauna and human health [6,7]. The delivery of terrestrial organic matter to the coastal zones,
in combination to the enrichment of nutrients, can affect the growth of marine bacteria [13,14]. Pulsed
or reduced inputs of suspended particulate modify the morphology of deltas, coasts and bottom
sediments [15–17]. All these alterations have been linked to changes in abundance and structure of
pelagic and benthic communities, mass mortality events and jellyfish proliferation.

The Mediterranean and Black Sea are the largest semi-enclosed marine basins on the Earth,
in which the effects of river discharges can be assessed [6,18–20]. The current river inputs of
total nitrogen, phosphorus and dissolved silica to the Mediterranean (1077 kt-N yr−1, 49 kt-P yr−1,
1028 kt-Si yr−1) are similar to those to the Black Sea (1116 kt-N yr−1, 55 kt-P yr−1, 861 kt-Si yr−1),
which is a basin ≈ 5 times smaller than the Mediterranean one, but surrounded by a large drainage
region [21]. For comparison, the Mediterranean Sea exports through the Gibraltar Strait nitrate
and phosphate respectively at 1947 kt-N yr−1 and 147 kt-P yr−1 [22] and it receives them from the
atmosphere as a bulk deposition at 1246 kt-N yr−1 and 34 kt-P yr−1 [18].

In Southern Europe, river nutrient discharge has increased during the last century, because of
the growth of industrial and urban settlements and the introduction of intensive practices in livestock
farming and agriculture, causing problems of eutrophication in the receiving coastal zones. This process
has occurred mostly in 1960–1980, being it afterwards partially mitigated by stricter environmental
policies [23–25]. For this reason, several environmental studies were focused on specific drainage
basins e.g., [4,26–29] and on their impacts in the adjacent coastal zones e.g., [6,9–11,30,31].

However, the differences at regional scale in river water and nutrient loads and in the responses
of fluvial, estuarine and coastal ecosystems are still poorly investigated in Southern Europe, due to the
inhomogeneous availability of long-term datasets covering multiple watersheds. Comparative studies
are of basic importance as drainage and coastal systems can experience divergent evolutions, even
in the presence of common anthropogenic impacts, if they are subjected to climatic conditions with
distinct meso-scale features [32]. The combination of anthropogenic and natural pressures can induce
in these ecosystems specific hydrological and biogeochemical transformations at highly variable spatial
and temporal scales [30,33–35]. For example, comparative studies showed a more pronounced shift
toward dry climatic conditions in the Ebro basin with respect to Adige and Sava basins [36]. A recent
common trend towards pluvial-torrential regimes was observed for the Rhône, Po and Danube, with a
higher runoff in early spring originated by snowmelt in the mountainous areas [37]. Differences in the
extension of drainage basins were found to affect annual and seasonal loads of water and nutrient in
some rivers in the W Mediterranean [25].

In this study, a comparative analysis of the discharges of freshwater, suspended matter, nutrients
and organic matter to the sea of the four most important South European watersheds (Ebro, Rhône,
Po and Danube), from daily to decadal scales, is performed through the compilation of an extended
dataset and a harmonized data analysis (Figure 1). The impacts of the changes in river loadings on
fluvial and coastal ecosystems is also discussed through the estimate of the eutrophication potential of
river nutrients in the coastal zones and through a meta-analysis of the available literature. The aim is
to compare the evolution of flow regime in South European watersheds, since existing literature either
includes specific studies focused on single drainage basins or global analysis, in order to investigate
how the hydrology and water quality (nutrients) can be linked to specific anthropogenic pressures and
climatic conditions acting at a regional scale, and to infer the current role that flow regime exerts on
the productivity of the coastal ecosystems.
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Figure 1. Drainage basins and main river courses of the Ebro, Rhône, Po and Danube.

2. Materials and Methods

2.1. Geographical Settings of River Basins

The Ebro is the largest river in the Iberian Peninsula draining to the Mediterranean Sea, and it has
a watershed surrounded by the mountainous areas of Cantabrian Range, Pyrenees, Iberian Massif and
parts of the Castillian “meseta” (Table 1). The river and the tributaries are subjected to a controlled
flow, due to the presence of several dams and irrigation canals mostly built in 1920–1980 for farming
and hydropower generation purposes. The last dam along the main river course in Ribarroja (100 km
upstream the river mouth) controls the flow of the lower Ebro [38]. Agriculture covers ≈ 50% of
the Ebro basin and it is the main source for nitrate inputs, whereas urban and industrial activities
are the most important sources for phosphate inputs [36,39,40]. A long-term decrease of the runoff
has characterized this river since the 1960s, whereas a decline of phosphate and ammonium was
detected since the 1990s. This process caused a re-oligotrophication of the fluvial ecosystem with the
collapse of phytoplankton and the spread of macrophytes [4,27]. Changes in freshwater phytoplankton
community were reported due to the regulation of the flow caused by dams and water reservoirs [41].
The decrease in TSM due to dam construction has been also dramatic, as much as 99%, with severe
consequences on the erosion of the Ebro Delta [38].

The Rhône has its source in Switzerland and it has most of the drainage basin in mountainous
areas of Alps, Jura, Cevennes and Vosges. This feature causes a large runoff compared to the river
length, because of the contributions of snowmelt and rainfall [28]. Fifty kilometers upstream the
mouth, the Rhône splits in two branches of “Grand Rhône” and “Petit Rhône”, which carry about 90%
and 10% of the total flow, respectively. After the damming of the Nile in 1968, the Rhône has become
the major source of freshwater in the Mediterranean [42]. This river is characterized by large loads of
nitrogen and phosphorus, which has increased in the period 1970–1990 [43,44]. The environment of
the lower Rhône has been largely modified by human activities, mostly since the 1970s, leading to a
stronger regulation of the flow and an increase of nutrient inputs [45].
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Table 1. General characteristics of drainage basins and river runoff (km3 yr−1) of the Ebro, Rhône, Po
and Danube.

River
(Gauging
Station)

Drainage
Basin †

(km2)

River
Length ‡

(km)

Inhabitants
(n · 106)

Water Flow
Data Series

(yr)

Annual Water Flow
(km3 yr−1)

Median 1th–3rd Quartile Range

Ebro
(Tortosa) 86,800 930 3 1914–1931,

1951–2012 13.0 8.7–17.1 3.8–34.1

Rhône
(Beaucaire) 157,950 813 18 1920–2012 53.9 45.8–61.7 22.8–78.0

Po
(Pontelagoscuro) 74,000 682 16 1914–2012 45.5 38.8–55.7 26.2–82.7

Danube
(Ceatal Izmail) 801,500 2857 82 1931–2012 201.2 178.6–221.0 134.2–300.2

Total 1,120,250 5282 120 1951–2012 316.8 297.9–344.9 208.6–424.0
† included tributaries; ‡ main river course.

The Po is the largest river in Italy, with a drainage basin that hosts urban and industrial settlements
and large areas devoted to intensive cropping and livestock activities [46]. As a consequence, nutrient
transport by Po River is mainly of anthropogenic origin and it is due to rain-driven diffuse sources
(20% for TN, 20% for TP), point sources (40% for TN, 80% for TP) and groundwater, springs and
tributaries (40% for TN) [29,47]. Freshwater loads of the Po have shown a complex and partially
unresolved long-term variability, which included strong multi-year oscillations [34] and a shift towards
early spring peaks of the runoff [37]. A decoupling between the transport of dissolved and suspended
elements was also observed during the floods. This phenomenon was due to the contrasting effects of
water flow on erosion, groundwater, dilution and biological processes in the river environment [48].

The Danube is the largest river in Mediterranean and Black Seas and it is about three times longer
than the other rivers considered in this study (Table 1). Its catchment covers 33% of the whole Black Sea
drainage basin; it is shared by 19 highly industrialized countries and it hosts 82 million inhabitants [26].
The river has a large Delta (≈7000 km2) characterized by a moderate continental climate [16]. Since the
early 1970s, the regime of the Danube has changed with respect to a previous more pristine condition,
because of the construction of water reservoirs, dams and hydropower plants, which significantly
regulated its flow [49]. In the period 1960–1990, nitrogen discharge from Danube basin has increased
about five times whereas phosphate doubled due to the increase of anthropogenic inputs. During
the most recent years, a reduction of nutrient loads was observed because of political and economic
changes occurred in several eastern European countries [26].

2.2. River Flow Data

Daily flow rates (m3 s−1) were obtained from publications and databases maintained by river and
government authorities. Gauging stations were selected on the basis of the availability of long-term
data series and of their representativeness of total water discharge from the drainage basins, upstream
of the partition of flows among the arms that can be encountered in the deltas.

Ebro River flows in 1913–1931 and in 1952–2012 (Tortosa station; 40.82◦ N, 0.51◦ E; 25 m AMSL)
were published in the “Anuarios de Aforos” by Ministry of Agriculture, Food and Environment of
Spain (URL: http://hercules.cedex.es/anuarioaforos/afo/). Rhône River flows in 1920–2012 (Beaucaire
station; 43.79◦ N 4.65◦ E; 6 m AMSL) were provided by HYDRO data center (URL: http://www.hydro.
eaufrance.fr/) of Ministry of Ecology, Sustainable Development and Energy of France. Po River flows
in 1917–2012 (Pontelagoscuro station; 44.88◦ N, 11.60◦ E; 8 m AMSL) were published in the “Annali
Idrologici” (URL: http://www.acq.isprambiente.it/annalipdf/) by Hydrographic and Mareographic
National Service of Italy (SIMN) and by the Regional Environmental Protection Agency of Emilia
Romagna (ARPA; URL: http://www.arpa.emr.it/). Danube River flows in 1931–2012 (Ceatal Izmail
station; 45.18◦ N, 28.80◦ E; 1 m AMSL) were provided by the Global Runoff Data Center (GRDC; URL:
http://www.bafg.de/GRDC/EN/) of the German Federal Institute of Hydrology.
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2.3. Chemical Parameters

The concentrations of total suspended matter (TSM), nitrate (NO3
−), nitrite (NO2

−), ammonium
(NH4

+), reactive phosphorus (PO4
3−), reactive silicate (SiO2), total nitrogen (TN), total phosphorus

(TP) and total organic carbon (TOC) in river waters were obtained by monitoring programs, research
projects, water treatment companies and published datasets. These chemical data were mostly collected
monthly or seasonally, but monthly average concentrations were calculated when a higher sampling
resolution was available.

For the Ebro, chemical data at Tortosa station (1980–2011) were provided by Confederacion
Hidrografica del Ebro (CHE; URL: http://www.chebro.es/) and by the Water Consortium of Tarragona
(CAT). For the Rhône, chemical data (1980–2012) were provided by MOOSE Program (Mediterranean
Oceanic Observing System for the Environment) at Arles station (43.67◦ N, 4.62◦ E, 4 m AMSL).
This station is located in the main course of the Rhône, downstream the diffluence of the Petit Rhône.
For the Po, chemical data (1969–2012) were obtained from the literature [34], from monitoring programs
of environmental institutions (ARPA Emilia Romagna, ICRAM and IRSA) and from past research
projects focused on Adriatic ecosystem (PRISMA and MAT). Po river data referred to three sampling
stations (Pontelagoscuro, Polesella and Serravalle; 44.88–44.97◦ N, 11.60–12.04◦ E; 6–8 m AMSL) located
on the main river course at the enclosure of the drainage basin, 45–90 km upstream the river mouth.
For the Danube, nutrient data at Reni station (45.46◦ N, 28.25◦ E, 4 m AMSL) were provided by the
International Commission for the Protection of the Danube River (ICPDR; URL: www.icpdr.org), except
for SiO2 whose time series was obtained by NIMRD at Sulina station (45.15◦ N, 29.66◦ E, 2 m AMSL).

TSM was collected on membrane filters and determined by gravimetry. Nutrient concentrations
were determined by standard colorimetric methods. TN and TP were determined in unfiltered samples
by persulfate oxidation method followed by the colorimetric determinations of NO3

− + NO2
− and

PO4
3−. TOC was determined by High Temperature Catalytic Oxidation method in unfiltered water

samples. The concentration of dissolved inorganic nitrogen (DIN) was calculated as NO3
− + NO2

− +
NH4

+, whereas the concentrations of organic nitrogen (ON) and phosphorus (OP) in the dissolved
and particulate pools were calculated as TN − DIN and TP − PO4

3−, respectively. The analytical
methods used for the determination of these chemicals are outlined at the national level by different
environmental regulations and they could have been partially changed during the period of study.
However, chemical data analyzed here can be considered comparable to those applied in a wide
range of environmental [50] and oceanographic [51] studies due to the high concentrations usually
encountered in the river waters. The detection limits of these techniques applied to the analysis in river
waters can be assumed as 1 mg L−1 for TSM, 0.1 μmol L−1 for NO3

−, 0.5 μmol L−1 for NH4
+, 0.05 μmol

L−1 for NO2
−, 0.03 μmol L−1 for PO4

3−, 1 μmol L−1 for SiO2, 1 μmol L−1 for TN, 0.3 μmol L−1 for TP.

2.4. Data Analysis

Variability and trends of river runoff were analyzed from daily to multi-decadal scales, in order to
explore the complex dynamics that characterizes these watersheds. Daily flow distributions (m3 s−1)
were analyzed in each river through the calculation their symmetry properties: mode (M0), moment
coefficient of skewness (γ) and Kurtosis (β). These parameters represent respectively the most frequent
value of the flow, a measure of the asymmetry of tailed distributions and an index of higher (β > 0) or
lower (β < 0) weights of the outliers in the population data compared to a normal distribution (β = 0).
The presence of annual cycles in river water discharges was evaluated through the nonparametric
statistical analysis of monthly data series [52].

Significance and magnitude of long-term trends in the series of water discharges were assessed by
Mann–Kendall test (MKT) and Sen’s test (ST). Mann–Kendall test is used to verify the significance of a
monotonic change of a parameter over a selected period. The Sen’s test quantifies this change through
the calculation of the slope of the linear interpolation model [53]. These tests were applied to the time
series of annual water loads (km3 yr−1), monthly water loads (km3 month−1) and maximum flow
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variability in each month. Maximum flow variability was calculated as difference between the highest
and lowest daily flows in each month and normalized as percentage ([Qmax − Qmin] × 100/Qmax; %).

The analysis of the trends was completed with that of the discontinuities in the series of annual
water discharge, using SRSD method (Sequential Regime Shift Detector) [54]. This algorithm consists
in a sequential application of the t-test to identify abrupt changes in the series and it allows their
analysis avoiding a lower performance towards the end of the dataset.

Annual integrated river transport of TSM, nutrients, TN, TP and TOC (F; expressed in kt yr−1 of
C, N, P and Si) was estimated using the equation based on discharge weighted means of daily loads:

F = [
n

∑
i=1

(Ci · Qi)/
n

∑
i=1

Qi]Qyr · mA · 10−9 (1)

where Ci and Qi are nutrient concentration (mol m−3) and flow (m3 s−1) for each day of sampling
during the year (n ≥ 4), Qyr is the annual water discharge (m3 yr−1) and mA is the atomic mass of
the element. This method allows the best estimate of river transport through the compensation of the
biases originated by (i) the variability of flows encountered in concomitance of the samplings and by (ii)
the different resolutions of chemical and flow data [23]. The statistical analysis of river nutrient loads
was performed using the same nonparametric methods previously mentioned for freshwater loads.

The eutrophication potential of river nutrient loads in the coastal zones (EP; kt-C yr−1) was also
estimated for all considered watersheds. It was calculated by annual river transports of N, P and Si,
expressed as carbon biomass by Redfield’s model, using the ratios proposed for the Mediterranean
Sea: C:N:P = 169:23.3:1 [55] and Si:N = 0.84 [56]. EP represents the fraction of new production of
algal biomass potentially sustained, in the receiving coastal water bodies, by the delivery of nitrogen,
phosphorus and silicon of riverine origin [2]. Despite it does not include other processes that supply
new nutrients in the coastal zones (e.g., upwelling of deeper waters, wastewater loads, atmospheric
deposition), as well as the regenerated production, this calculation highlights the role of the rivers to
induce nitrogen or phosphorus limitations of the new production in the coastal zones and to favor
(depress) the growth of non-siliceous algal species delivering large (scarce) quantities of both these
nutrients compared to silicon. Moreover, considering the ability of several autotrophic plankton species
to use organic phosphorus for their growth after enzymatic hydrolysis [57,58], the eutrophication
potential of DIN was compared to both those of PO4

3− and TP.

3. Results

3.1. Daily to Multi-Decadal Variability of River Flows

The comparison of flow series indicated that the largest South European watersheds have distinct
characteristics, which have to be analyzed on a multi-scale resolution. The most frequent values
of daily flow (M0) varied in the order: Danube > Rhône > Po > Ebro (4,214, 1,036, 929, 113 m3 s−1,
respectively). The moment coefficient of skewness indicated a heavy-tailed distribution of the flow
for Ebro (γ = 2.59), a river characterized by infrequent but extreme freshets that generate discharges
40-times higher than the regular flow. This asymmetry progressively reduced for Po (γ = 2.30), Rhône
(γ = 1.88) and Danube (γ = 0.56), which is a river showing persistent high flows (3000–10,000 m3 s−1)
and infrequent freshets in the range 10,000–15,900 m3 s−1. The values of Kurtosis confirmed that the
weight of the outliers was consistent to the asymmetry and in the order: Ebro > Po > Rhône > Danube
(β = 10.6, 7.5, 5.6, −0.2, respectively) and that only the distribution of the Danube was characterized
by a degree of peakedness lower than the normal distribution (Figure A1; Appendix A).

On monthly scale, the analysis of integrated water loads indicated that these rivers also have
distinct annual cycles of the regime (Figure 2). The Ebro has a single period of low runoff in
July–October, with the lowest median in August (0.34 km3 month−1). During the other months,
it is relatively high with a maximum in March (1.53 km3 month−1). The regime of the Rhône is
similar to that of the Ebro, although its higher water discharge (2.54 km3 month−1 in September,
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5.13 km3 month−1 in January). The annual cycle of the Po is characterized by two dry periods in
January–February (>1.35 km3 month−1) and July–September (>0.34 km3 month−1), alternated by two
periods of high runoff that reach the highest median in May (5.00 km3 month−1). The Danube shows
only one main period of high discharge in March–June (20.38–23.82 km3 month−1) and the lowest
runoff in October (11.41 km3 month−1). Ebro, Rhône and Po rivers also show the largest variability
of the flows during the months of high discharge, whereas the Danube shows a similar dispersion of
monthly data regardless of the level of the flow.

Figure 2. Box Whisker Plot (median, quartiles, data range) of monthly integrated river water discharge
(km3 month−1).

On a decadal scale, the analysis of the presence of flow trends indicated for the
Ebro a highly significant impoverishment of freshwater resources in all the months (from
−0.002 to −0.020 km3 month−1 yr−1), with special regards to the periods of January–June and
November–December (Table A1; Appendix A). For the other three rivers, flow reduction during
the last century was significant only in late spring and summer months: May–August for the Rhône
(−0.07 to −0.010 km3 month−1 yr−1), June–August for the Po (−0.08 to −0.015 km3 month−1 yr−1)
and only June for the Danube (−0.052 km3 month−1 yr−1). For these rivers, flow trends were almost
always not significant during the other periods of the year.
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The range of variability of river flow can show long-term increase (decreases) in each month
that, independently from the total water loads, suggests a possible exacerbation (mitigation) of the
alternation between freshets and droughts. For the Ebro, the decrease of monthly water discharge
previously mentioned was concomitant to a decrease of flow instability during almost all the months
(Table A2; Appendix A). This reduction was pronounced in summer (−0.48% per year) and in
autumn–winter (−0.25% per year). For the Rhône and Po, flow variability significantly increased
in June–August (up to +0.28 and +0.13% per year, respectively), in contrast to the decrease of water
discharges. In the case of the Danube, date series showed a persistent period of enhanced flow
irregularity (April–August; up to +0.20% per year), although the decline of water discharge was
statistically significant only in June.

The time series of annual water load indicated the presence of further changes of river regime
from interannual to multi-decadal scales, which go beyond to the seasonal component of flow
variability (Figure 3). MKT indicated that Ebro was the only river showing a highly significant
decrease of the annual runoff during the whole of the last century (α = 0.001), with a mean slope
estimated by ST of −0.139 km3 yr−1. This trend lead to a persistent scarce water discharge since the
early 1980s. The other rivers were characterized by a strong interannual variability with, however,
little (0.031–0.041 km3 yr−1) and not significant (α > 0.1) overall increments of annual runoff during
the century.

Figure 3. Time series of annual discharge (Qyr; km3 yr−1) of the Ebro, Rhône, Po and Danube during
the last century. Yellow areas indicate the median of water discharge and the arrows indicate 1st and
3rd quartile (data in Table 1).
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Several abrupt changes were also detected in these time series (Table 2). For the Ebro, an important
reduction of the runoff was observed in 1980 (−7.4 km3 yr−1), which differentiated an early long
period of high flow in 1914–1979 from a period of low flow in 1980–2010. A further decrease
was observed in 2011, whose persistence will have to be evaluated in the future. The Rhône was
characterized by two periods of high flow (1920–1941, 1977–2002) alternated by two periods of
low flow (1942–1976, 2003–2012), which implied the occurrence of three discontinuities (−10.1 to
+5.8 km3 yr−1). The behavior of the Po was similar with the alternation of three periods of high
(1914–1941), low (1942–1974) and high (1975–2002) runoff, in which the mean annual runoff changed
about 7 km3 yr−1. The last two changes in 2003 and 2009 indicated respectively the beginning and the
end of the strongest drought experienced by this river during the last century (−17.9 km3 yr−1). For the
Danube, five alternated periods of high and low runoff were detected since the 1930s. The flows
were high in 1931–1945 and 1965–1982 and low in 1946–1964 and 1983–2010, with differences of
23–36 km3 yr−1. After the highest discharge of the time series in 2010 (300 km3 yr−1), the Danube was
again characterized by a low flow.

Table 2. Analysis of the discontinuities in the series of annual river water discharge by SRSD method
(cut-off length = 10 yr, Huber’s weight = 1): periods of homogenous flow, year of the shift, change of
annual flow (Δ-flow) and confidence level (α).

River Period
Mean Flow

km3 yr−1 (m3 s−1)
Duration

yr
Year of Change

yr
Δ-Flow

km3 yr−1
Confidence

α

1914–1979 16.5 (539) 66
Ebro 1980–2010 9.1 (292) 31 1980 −7.4 0.0001

2011–2012 4.9 (154) 2 2011 −4.2 0.0209

Rhône

1920–1941 55.9 (1772) 22
1942–1976 50.9 (1614) 35 1942 −5.0 0.1292
1977–2002 56.7 (1797) 26 1977 +5.8 0.0284
2003–2012 46.6 (1478) 10 2003 −10.1 0.0018

Po

1914–1941 51.3 (1593) 28
1942–1974 43.7 (1390) 33 1942 −7.6 0.0163
1975–2002 50.4 (1626) 28 1975 +6.7 0.0183
2003–2008 32.6 (1058) 6 2003 −17.8 0.0006
2009–2012 48.7 (1551) 4 2009 +16.1 0.0548

Danube

1931–1945 212.4 (6729) 15
1946–1964 189.0 (5990) 19 1946 −23.4 0.0910
1965–1982 225.3 (7141) 18 1965 +36.3 0.0016
1983–2010 201.5 (6381) 28 1983 −23.8 0.0208
2011–2012 164.6 (5213) 2 2011 −36.9 0.0003

3.2. Nutrients and Organic Matter in River Waters

Since the early 1990s, water loads of these rivers have been characterized by a high median
concentration of DIN (102–171 μmol L−1), which was due to the large abundance of NO3

− in the pool
of dissolved inorganic nitrogen (Table 3). NO2

− and NH4
+ were secondary nitrogen forms, although

the concentration of NH4
+ was slightly higher in Danube waters (15.0 μmol L−1) than in the other

rivers (2.8–5.3 μmol L−1). The concentration of PO4
3− was in the range 1.3–2.3 μmol L−1, whereas that

of SiO2 was 61–130 μmol L−1. The concentrations of inorganic N, P and Si were about 50% higher in the
Ebro and Po compared to Rhône and Danube, suggesting that a larger nutrient accumulation occurs in
river basins with smaller flows. Nutrient ratios indicated a large excess (sensu Redfield’s model) of
inorganic nitrogen with respect to inorganic phosphorus (DIN/PO4

3− = 72–94) and to reactive silicate
(Si/DIN = 0.5–0.7) in all the rivers.
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Table 3. Concentration (median, 1st–3rd quartile) of TSM (mg L−1), nutrients and organic matter
(μmol L−1) in river waters and nutrient molar ratios, in 1990–2012.

River
(Station)

Ebro
(Tortosa)

Rhône
(Arles)

Po
(Polesella, Serravalle,

Pontelagoscuro)

Danube
(Reni, Sulina)

TSM (mg L−1) 7.5 (5.0–11.0) 12.3 (7.4–29) 46.8 (28.4–110) 26.5 (15.0–44)
NO3

− (μmol L−1) 165 (142–194) 97 (76–119) 161 (124–202) 111 (82–141)
NH4

+ (μmol L−1) 2.8 (2.2–5.5) 3.3 (1.5–5.6) 5.3 (2.6–10.2) 15.0 (9.1–25)
NO2

− (μmol L−1) 1.5 (1.1–2.0) 1.6 (1.1–2.0) 2.0 (1.3–3.0) 2.1 (1.4–3.4)
DIN (μmol L−1) 171 (146–201) 102 (84–125) 168 (302–216) 132 (105–163)

PO4
3− (μmol L−1) 2.3 (1.5–4.5) 1.5 (1.1–1.9) 1.9 (1.6–2.6) 1.3 (0.6–2.0)

SiO2 (μmol L−1) 130 (93–160) † 64 (51–78) 113 (85–134) 61 (37–82)
TN (μmol L−1) 211 (180–234) † 123 (101–148) * 249 (197–304) + 147 (121–187) ◦◦
TP (μmol L−1) 2.9 (2.6–3.6) 2.6 (2.2–3.2) * 4.8 (4.2–6.1) 2.8 (1.9–4.0)

TOC (μmol L−1) 270 (208–341) † 241 (199–304) 340 (268–460) ◦ 398 (294–569) **
ON (μmol L−1) 28.1 (22–46) † 18.2 (12.7–29) * 76 (41–145) 25.3 (19.2–33) ◦◦
OP (μmol L−1) 1.0 (0.4–1.7) 1.2 (0.8–1.8) * 2.9 (1.9–4.1) 1.2 (0.6–2.1)

DIN/PO4
3−

(molar)
72 (36–118) 73 (52–100) 85 (61–107) 94 (62–228)

Si/DIN (molar) 0.7 (0.5–1.0) † 0.6 (0.5–0.7) 0.6 (0.5–0.8) 0.5 (0.4–0.8) ◦◦
TN/TP (molar) 58 (44–70) † 45 (37–59) * 49 (37–64) 55 (38–82) ◦◦
ON/OP (molar) 20 (11–31) 15 (10–22) * 25 (16–46) 17 (9–41) ◦◦

ON/TN (%) 15 (11–21) † 16 (10–22) * 34 (20–49) 16 (13–22) ◦◦
OP/TP (%) 32 (13–57) 49 (35–63) * 60 (47–72) 49 (30–72)

† 1990–2005; * 1996–2012; ** 2006–2007; ◦ 1995–2002; ◦◦ 1996–2012.

Median concentration of TN was in the range 123–249 μmol L−1 and that of TP was in the
range 2.6–4.8 μmol L−1, with the highest levels encountered in both cases in the Po (Table 3).
The pool of nitrogen was mainly constituted by the inorganic forms since ON was 15–34% of
TN. The partitioning of phosphorus was more balanced, with OP corresponding to 32–60% of TP.
The excess of nitrogen compared to phosphorus was less pronounced in the pool of organic matter
(ON/OP = 15–25) compared to that of dissolved nutrients. The concentration of TOC was high in river
waters (241–398 μmol L−1) and followed the order Danube > Po > Ebro > Rhône, but monitoring data
covered only two years for the Danube.

TSM followed a distinct pattern from those of nutrients, as it is mainly regulated by the
geomorphological characteristics of drainage basins and by the presence of dams. TSM concentration
was relatively high for the Po and Danube (46.8 and 26.5 mg L−1, respectively) and low for the Rhône
and Ebro (12.3 and 7.5 mg L−1, respectively).

Compiled data indicate that all chemical parameters in river waters were highly variable a long
time. For some nutrients, like NH4

+ and PO4
3−, most of the highest concentrations occurred in

early 1990s, suggesting that an improved management of nutrients in river basins has mitigated high
anthropogenic loads during the last two decades. The relationships between nutrient concentration
and daily flow were always complex for these rivers. However, there was a common tendency towards
low concentrations of PO4

3− and high concentrations of SiO2 with the increase of the flow in the cases
of Ebro, Rhône and Po.

The analysis of monthly distributions of nutrient concentrations indicated the presence of
pronounced annual cycles of DIN and SiO2 for all the rivers (Figure A2, Appendix A). The concentration
of DIN was lower in summer compared to winter and autumn, due to periodic decreases of
NO3

− (60–120 μmol L−1) and of NO2
− (1–2 μmol L−1). SiO2 also showed large annual variations

(40–90 μmol L−1) due to a strong decrease in April–September. For PO4
3−, seasonal oscillations were

observed for Po and Danube, whereas they appeared in the Rhône waters only in the most recent
years (2007–2012). The seasonal oscillations of ON and OP were scarce and, therefore, those of TN
and TP were mainly due to the changes of inorganic nutrients. For TOC, available data did not
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allow a robust analysis of seasonal variability as the monitoring of this parameter in river waters was
adopted by national regulations later than that of inorganic nutrients and often with an incomplete
temporal coverage.

Stoichiometric ratios of the nutrients also changed seasonally in Ebro, Rhône and Po waters.
The highest excess of nitrogen, both in inorganic and total pools, were found in winter and early
spring (DIN/PO4

3− = 71–108, TN/TP = 47–76). In summer, DIN/PO4
3− and TN/TP ratios were

less unbalanced (30–88 and 36–55, respectively), due to a larger decrease of nitrogen concentration
compared to phosphorus concentration. The early annual decrease of SiO2 concentration in the waters
of these three rivers caused lower Si/DIN ratios in March–April (0.42–0.60) with respect to summer
(0.60–1.14). However, silicate was seldom in excess with respect to inorganic nitrogen. For the Danube,
seasonal oscillations of the concentration of DIN and PO4

3− were similar in amplitude and in phase,
determining rather constant values of DIN/PO4

3− ratio. By contrast, the strong decrease of SiO2

concentration in summer reduced the values of Si/DIN ratio in this season with respect to winter
and autumn. TN/TP ratio varied from 41 to 82 and it was maximum in February–June (Figure A3,
Appendix A).

3.3. River Discharges of Biogenic Elements and Eutrophication Potential in Coastal Zones

Since the 1990s, median discharges of TSM were 71 kt yr−1 for the Ebro, 2031 kt yr−1 for the
Rhône, 5547 kt yr−1 for the Po and 6565 kt yr−1 for the Danube, indicating a relatively high discharge
of suspended matter in comparison to the flow for the Po. The values of DIN load (20–412 kt-N yr−1)
indicated that the discharge of inorganic nitrogen by the Danube was 4–20 times higher than in
other rivers. PO4

3− transport varied from 0.5 kt-P yr−1 for the Ebro to 8.3 kt-P yr−1 for the Danube,
whereas the transport of SiO2 (30–360 kt-Si yr−1) was similar to that of DIN. The transport of TN
(26–446 kt-N yr−1) and TP (0.8–19.0 kt-P yr−1) and TOC (29–1140 kt-C yr−1) again indicated that these
rivers directly deliver large quantities of particulate and dissolved organic matter to the receiving
coastal zones (Table A3, Appendix A).

Annual loads of river nutrients showed long-term trends and a high interannual variability that
can have important effects in fluvial and coastal ecosystems (Figure 4). In the Po case, DIN and
PO4

3− loads increased until mid-1980s and, in the following three decades, their trends differed with
a significant decrease of PO4

3− load and variable, but not decreasing, loads of DIN. The decline of
PO4

3− transport was common to the other three rivers, but it occurred for the Ebro and Danube over
one decade later than for the Rhône and Po. Annual loads of SiO2 were mainly characterized by a
strong variability with, however, a tendency toward low values in the most recent years.

The analysis of the trends by MKT and ST, performed for all chemical parameters over the
available time series, indicated significant decreases (α ≤ 0.1) of the transport of TSM, NO2

−, DIN,
PO4

3−, TOC and TP for the Ebro (Table A4, Appendix A). For the Rhône, the most important change
was a long-term reduction of PO4

3− load (−0.22 kt yr−2), as NO2
− decrease (−0.04 kt yr−2) is only a

secondary nitrogen form and the time series of ON, even if characterized by a decrease (−1.13 kt yr−2),
also showed a strong variability. For the Po, significant decreases of NH4

+, NO2
−, PO4

3− and TP
occurred after mid 1980s. Since 1997, a tendency towards reduced loads of inorganic and organic
nitrogen was observed in the case of the Danube but, in this more recent period, the decrease was
statistically significant only for NH4

+ (−3.58 kt yr−2).
The contribution of the discharge of river nutrients to the growth of algal biomass in the receiving

coastal zones was estimated by the eutrophication potential [2]. For all the rivers, EP based on
the river loads of DIN was higher than that of PO4

3−, suggesting that the supply of land-borne
inorganic phosphorus was fundamentally the factor limiting the new production in the coastal marine
environment (Figure 5). However, the scarcity of phosphorus could be mitigated by the fraction
of the organic phosphorus pool potentially bioavailable for algal growth [57,58]. During the last
two decades, this compensation was potentially greater for the Rhône and Po (TP-based production
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respectively equal to 61% and 79% of DIN-based production) compared to the Ebro and Danube
(TP-based production equal to 45% and 54% of DIN-based production).

Figure 4. Time series of annual transport (kt yr−1) of the main nutrients (DIN, PO4
3− and SiO2) in the

four considered rivers.

EP estimated with SiO2 loads was often similar to that of PO4
3− in the period from 1980 to the

early 1990s (Figure 5). Afterwards, the decline of phosphorus transport induced a persistent condition
of excess of SiO2 compared to PO4

3− for algal growth (EP-SiO2 2–6 folds higher than EP-PO4
3−,

in 2000–2012).
Despite TOC series are not so long like those of nutrients, a comparison between the new carbon

production potentially generated by river nutrients in the coastal zones and the direct discharge of
riverine TOC can be done. In the current post-eutrophic phase, available data indicated a median
TOC transport of 29 kt-C yr−1 for the Ebro, 155 kt-C yr−1 for the Rhone, 246 kt-C yr−1 for the Po
and 1140 kt C yr−1 for the Danube (Table A3). These values suggest that the supply of river organic
carbon is not negligible compared to the fraction of new production currently sustained by riverine
nutrients, when PO4

3− is considered the nutrient limiting the growth of the biomass (median values
of 46, 141, 194 and 889 kt-C yr−1, respectively). The importance of riverine TOC decreases for all the
rivers (≈50%) when the potential new production is based on TP loads (median values of 69, 317, 587
and 1484 kt-C yr−1, respectively).
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Figure 5. Eutrophication potential of river nutrient loads (EP; kt-C yr−1) estimated by Redfield’s
model and annual river discharges of DIN, SiO2, TP and PO4

3−. For each year, the lowest value of EP
identifies the nutrient that potentially limits the new production sustained by river loads.

4. Discussion

The watersheds considered in this study cover wide ranges of longitude (4◦ Long. W–30◦ Long. E),
surface (74,000–801,500 km3), inhabitants (3–82 × 106) and flows (9–15,900 m3 s−1). Moreover,
they constitute the main contribution to the runoff in the Mediterranean and Black Seas.
The comparative analysis of their characteristics has highlighted a multi-scale variability at
sub-continental scales that cannot be ignored as it reflects in distinct hydrological and ecological
impacts across freshwater and coastal environments in Southern Europe (Table 4).
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4.1. Seasonal to Decadal Trends of River Flows and Coastal Hydrology

Despite flow regulation systems are nowadays present in all drainage basins [16,38,45,46] flow
dynamics is still distinct for these rivers, suggesting that their effects on the receiving coastal zones
differ depending both on the quantity and on the regime of freshwater discharges. Smaller drainage
basins are primarily the cause of a low mean runoff, on which are superimposed infrequent peaks of
high discharge generated by rainfall and snowmelt (Table 1; Figure A1). The Ebro watershed has a
Mediterranean climate with continental characteristics, with a current precipitation regime (annual
mean of 600 mm) characterized by the occurrence of persistent droughts in the middle and lower
basin alternated with heavy rainfall events [41,59]. Annual precipitation in the Rhône watershed
(1030 mm) depends on a seasonal contribution of snowfall and by the rainfall, which exhibits a high
variability mainly due to localized storms occurring on the lower river basin [28]. A high interannual
variability of the precipitation (1200 mm) is also typical of mild continental climatic conditions in
the Po Basin [17,37]. Mean Annual precipitation in the Danube watershed varies from 500 mm in
the central plain and delta regions to 2000 mm in the western mountainous regions [60]. For the
Rhône, Po and Danube, the contribution of glacier-melt water to river runoff, although not of primary
importance, is a term that should be better quantified [28,37].

The presence of distinct annual cycles of river runoff has consequences on the hydrology of the
coastal zones as the advection of river waters interacts with stratified (mixed) seawater in summer
(winter). Summer is the driest season for the Ebro, Rhône and Po (Figure 2). In the case of the Danube,
the driest period occurs in late summer early autumn, due to a larger contribution of rainfall and
snowmelt in April–July [16]. For the Po, it was shown that scarce summer discharges contribute to the
weakening of the circulation in NW Adriatic [61], enhancing the retention of coastal waters and the
eutrophication problems even in the presence of a low nutrient supply [31]. By contrast, low runoff
reduces the impact of Ebro and Rhône on the mesoscale circulation on their continental shelves as they
have a greater depth and large open boundaries with the sea [9,15].

The Po and Danube are also characterized by a dry season in winter, contrary to Ebro and
Rhône. The timing of the freshets in late winter and early spring is important as it causes the earliest
stratification of the water column and the earliest allochthonous nutrient enrichment during the year,
mostly favoring diatom blooms. In the other seasons, river discharges can favor non-siliceous species
that often lead to undesirable effects in the coastal waters [2]. For this reason, the possible alteration of
the timing of river freshets, due to dam regulation and climate changes, is a factor able to modify the
succession of plankton communities.

The characteristics of continental shelf regions further concur to differentiate the impacts of these
rivers. For the Ebro, the long-term decline of the runoff, coupled to a rather narrow continental shelf
and to a relatively strong coastal current, limits the extension of the river plume [15,30]. Meteorological
conditions and large-scale circulation in NW Mediterranean regulate the extension of the coastal
front generated by the Rhône in the Gulf of Lion, usually preventing eutrophication problems [60].
The fine haline structure of Rhône plume, which includes the presence of persistent low-salinity surface
water lenses, can favor a high production sustained by river nutrients, but these processes are usually
temporarily [33].

The cases of Po and Danube are opposite. The wide, shallow and semi-enclosed continental shelf
of N Adriatic strongly enhances the impact of Po discharges. Particularly during summer, a weak
circulation and stable meteorological conditions cause the retention of low-salinity waters on the
shelf and the formation of coastal fronts with meanders and gyres that favor alternated eutrophic and
oligotrophic conditions [20], as well as seasonal hypoxia [11,31]. For the Danube, a persistent large
water discharge (3000–10,000 m3 s−1) with a scarce incidence of the freshets (Figure A1), coupled to
the orography of the shallow continental shelf of NW Black Sea, maintains a permanently low-salinity
upper layer as far as 20 km from river mouths, which isolates the deeper layer favoring bottom
hypoxia [16].
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The analysis of long-term trends indicated a significant decrease of the runoff all along the
year in the Ebro basin (Table A1, Figure 3), concomitant to a decrease of the variability of river
discharge (Table A2). An important part of this trend has anthropogenic causes like an increased
usage of freshwater for cropping in the middle river basin and a stronger regulation of river flow after
dam building. However, the afforestation in mountain areas of the basin following the progressive
abandonment of farming has also contributed to the decline of the runoff in the last decades [38]. At the
same time, climate change effects such as large droughts observed in Iberian Peninsula in the 2000s,
increased evapotranspiration and recurrent heat waves have exacerbated the scarcity of freshwater
in this region [32,36]. These events had significant socio-economic impacts, in particular on crop and
livestock productions, hydropower generation, tourism and population health [32,38].

In the other three river basins, significant trends were detected essentially in summer, a season
where the decline of the runoff was counterbalanced by an increased flow irregularity. An overall
reduction of the runoff is expected in Southern Europe in a scenario of climatic warming, due to the
increase of evapotranspiration and to the reduction of snow cover and precipitation [32], but present
results support the importance of a higher resolution assessment of the related environmental and
socio-economic impacts on river drainage basins [47]. Similarly, reliable streamflow simulations at
regional scales are of basic importance to study these differences, but they have to be obtained applying
appropriate downscaling techniques to global precipitation models [61,62]. The shortage of freshwater
in the Iberian Peninsula along most of the year that gradually reduces eastward to only summer in the
Balkans indicates that the anthropogenic usage of freshwater and regional climatic conditions are yet
differently affecting each of these drainage and coastal systems. For the Danube, current data show
only a large variability, but model results suggest an oncoming decrease of the runoff in the whole
basin in summer and in the middle and lower basins in autumn in the next 30 years. By contrast,
winter water loads should be maintained by the presence of a heavy seasonal rainfall and by an early
annual snowmelt [62].

Long-term series of annual water discharge also showed several discontinuities, which indicate
alternate positive or negative changes of the runoff in Southern Europe, often separated by intervals
of 20–30 years (Table 2). Adjacent drainage basins like those of Rhône and Po showed concomitant
changes, different from those of the Ebro and Danube. This feature points out the importance of
Mediterranean climate patterns, which are characterized by a latitudinal transition from a maritime
coastal climate to a subtropical desert climate and by a longitudinal variability due to the influence
of Atlantic circulation, South Asian monsoons in summer and Siberian high-pressure systems in
winter. Mesoscale climatic features are significantly modulated by land orography, in particular in
mountainous regions like the Alps [63]. This variability easily induces distinct regional regimes of
snowmelt, rainfall and evapotranspiration and a distinct variability of river discharges from daily to
multi-decadal scales [37,61,64]. Moreover, human interventions for the regulation of river flows and
the demographic and economic growth in South European countries during the last century can have
contributed to differentiate long-term trends of the runoff in these watersheds.

Multi-year phases of anomalous freshwater discharge can modify the biogeochemistry of marine
systems at basin scales as river plumes affect the pelagic and benthic compartments in extended
portions of the continental margins [19]. This process was observed in N Adriatic basin in 2003–2007,
when a prolonged period of extremely low runoff caused the increase of salinity and the decreases of
nutrient concentration and phytoplankton biomass [20,34].

4.2. Loading of Biogenic Elements and Impacts on Fluvial and Coastal Systems

Currently, most of nitrogen and phosphorus loads in these drainage basins are due to human
activities, with an overload of NO3

− mainly originated by agriculture and atmospheric deposition and
PO4

3− inputs mainly linked to urban and industrial wastewaters [26,29,36,40,44]. The dissolution of
SiO2 is a natural process caused by the weathering of rocks and sediments. However, the regulation
of river flow caused by dam building was shown to reduce silicate transport of the Danube [49].
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The concentration of nutrients and organic matter is further modified by the presence of the reservoirs
along the rivers [41] and by the hydrological characteristics of deltas [16] as they affect the residence
time of waters, the sedimentation of particulate matter and the growth of plankton communities.
The combination of these complex processes causes distinct levels of biogenic elements in these four
rivers and a variability of nutrient ratios different from that of the concentrations, with excesses of
DIN compared to PO4

3− in the order: Danube > Po > Rhône > Ebro, with more similar Si/DIN ratios
in all these rivers and with rather high ON/OP ratios in the Po (Table 3).

Another factor that have contributed to the differentiation of nutrient trends in these rivers was
the timing of adoption of the measures for the reduction of eutrophication problems by National and
Environmental Authorities in each drainage basin. They have included reduction of polyphosphate in
the detergents, reduction of the use of fertilizers, improvement of wastewater treatment methodologies
and the reconversion of animal farms and industries. However, it should be noticed that changes
in nutrient management can have delayed effects in freshwater and coastal ecosystems due to the
different turnover times of these elements in groundwater and soils, which have to be monitored for
years after their adoption [26,27,29,46].

The current annual cycle of river nutrients generates the largest overloads of nitrogen in winter
and autumn and a scarcer and more balanced nutrient supply in summer (Figures A2 and A3).
Phytoplankton blooms are favored by large river discharges in winter-early spring and, with a minor
intensity, in autumn in the coastal zones of the Rhône [65–67], Po [68,69] and Danube [8]. However,
periods of scarce river nutrient discharge not always prevent the eutrophication in the coastal waters
due to possible opposite effects of meteorological conditions and circulation, which are particularly
important in the shallow, semi-enclosed and more extended continental shelves of N Adriatic and NW
Black Sea. Coastal hypoxia is enhanced in summer by a long retention of Po River nutrients in warm
and highly stratified shallow waters, even in the presence of a scarce runoff [20,31]. The upwelling of
hypoxic near-bottom waters in the coastal zone of the Danube can occur in all the seasons under the
influence of western winds [16]. In the coastal zones of the Ebro and Rhône, river inputs can also induce
a high biological productivity in early spring and autumn, however, the orography of the continental
margins favors the dispersion of nutrient loads limiting eutrophication problems [9,30,33,70].

The transport of TSM is regulated by the morphological characteristics of drainage basins and by
the frequency of freshets, which determine the erosion of sediments, but the presence of dams limits
again the delivering of suspended sediments to the sea. The present study indicates that the Po is a
river with a particularly high transport of TSM, because of the large release of sediments from the
mountainous area of Apennines in the southern part of its drainage basin and the absence of dams
along its lower course. The decrease of TSM transport due to human activities in the drainage basins
can enhance the erosion of deltas and sandy coasts, in particular if it is coupled to changes of storm
frequency, circulation and sea level [16,17,38].

The analysis of annual nutrient budgets indicated that the decline of PO4
3− transport has been

the most important long-term change characterizing river loadings. This reduction occurred earlier
for Rhône and Po compared to Ebro and Danube (Figure 4). Annual discharges of DIN and SiO2

have shown lower values during the last decade, but the interannual variability of their budgets,
mainly originated by the changes in water discharge [34], have been the prominent characteristics
of their behavior. The oligotrophication due to phosphorus decline is more relevant in estuaries
and semi-enclosed coastal zones with strong riverine influence, where the runoff sustains the largest
fraction of the production [4,30,71]. Trophic levels in coastal zones differ at regional scales, due to
distinct environmental and climatic conditions. However, this significant decrease of continental
inputs of PO4

3− has certainly strengthened a recent P-limitation in the whole Mediterranean and Black
Sea [10,19–21,35]. For this reason, future research is needed to better assess the impact of such changes
on a variety of ecosystem services [5,67].

Primary production sustained by rivers represents only less than 2% of the production in the
Mediterranean and less than 5% in the Black Sea, but it can be ten times higher in the regions of
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freshwater influence [21]. During the last century, all considered rivers have passed through three
phases characterized by “pristine”, eutrophic and post-eutrophic conditions [4,26,27,34,72]. In the
eutrophic periods (c.a. 1970–1990), the increase of the discharges of inorganic nutrients with rather
balanced N:Si:P ratios caused severe eutrophication in the lower river environments, estuaries and
coastal zones of N Adriatic and NW Black Sea, which were not previously observed [4,6,10,73]. In the
current phase, eutrophication potential of river nutrients based on PO4

3− uptake is always lower
compared to that of DIN and SiO2 (Figure 5), indicating that the impact of these rivers on the marine
environment is mitigated by the scarcity of inorganic phosphorus.

For Ebro River, this trend of oligotrophication caused a quick decrease in chlorophyll and a
large increase transparency in river waters, triggering the subsequent colonization of macrophytes [4].
The Ebro estuary shifted from a highly eutrophic condition, with summer anoxia in the salt wedge
and nearly absence of macroinvertebrates to meso- and oligo-trophic conditions with a total recovery
of oxygen levels and a rich macroinvertabrate community [73]. In the Gulf of Lions, the increase of
nutrient loadings by the Rhône in the period 1970–1990 had an important impact on the productivity
of coastal waters [33,44]. Afterwards, phosphorus limitation of algal growth was proved in coastal
waters affected by river inputs [70].

In N Adriatic, an increase of offshore and coastal hypoxia was observed until the 1980s [11,31],
coupled to the degradation of the benthic compartment [12] and to recurrent dinoflagellate blooms [74].
Afterwards, the more recent nutrient imbalance in river waters of this region was related to a
shift towards oscillating trophic conditions that can have favored the appearance of mucilaginous
aggregates [20,74,75].

In the shallow coastal shelf of W Black Sea, river nutrient loads have increased since the
1970s, specifically during the 1980s, causing a long-term increase of eutrophication, which included
chronic harmful algal blooms, reduced transparence of the water column, persistent hypoxia, jellyfish
proliferation and mass mortality events of pelagic and benthic organisms [35,76]. Since the early 1990s,
PO4

3− decline had an important role in the transition of this coastal system from a eutrophic state to a
low-energy and degraded food web dominated by non-siliceous plankton communities, which is not
comparable to a pristine condition [10,35,77]. For both Po and Danube coastal zones, the regeneration
of organic nitrogen and phosphorus entrapped in marine sediments became an additional source
of nutrients for plankton communities able to maintain eutrophic conditions independently of the
runoff [8,31].

Present budgets further indicate that the imbalance in the delivery of river nitrogen and
phosphorus in the coastal zones might be significantly reduced, if particular and dissolved organic
phosphorus is considered at least partially available for marine plankton growth (Figure 5).
The bioavailability of riverine particulate phosphorus is limited in the estuarine zones, when it is in
a mineral form or if the sedimentation of particles is fast [72]. Nevertheless, a high concentration of
bioavailable particulate phosphorus was found in the Danube Delta [78]. Moreover, many freshwater
and marine algae species are able to synthesize alkaline phosphatase to obtain PO4

3− by the enzymatic
hydrolysis of phosphormonoesters, which are an important component of the natural pool of dissolved
organic phosphorus [57]. This enzymatic catalysis can significantly sustain phytoplankton productivity
in the marine environments characterized by a persistent deprivation of PO4

3−, like the Northern
Adriatic [58]. For these reasons, the real eutrophication potential of river nutrient loads would be
better assessed in term of DIN/TP ratio rather than DIN/PO4

3− ratio [79] and the role of river inputs
of organic phosphorus to sustain autotrophic production should be further investigated in these
drainage systems.

Finally, it can be noticed that in the current post-eutrophic phase the discharge of TOC by these
rivers is not negligible compared to the new carbon production potentially sustained by river nutrients
in the receiving coastal zones, assuming that is limited by phosphorus. Despite the overall production
on continental margins also depends by nutrient remineralization, upwelling of nutrient-rich deep
waters, wastewater discharges and atmospheric deposition, these data indicates that the consequences
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of the loads of riverine TOC in the coastal environments should be better investigated. The particulate
organic carbon discharged by these rivers in the adjacent continental shelves can be suspended, buried
or transferred to the deep sea depending on the river flows and marine circulation [15,42,48,80].
This organic material, together to terrestrial dissolved organic carbon, can be at least partially made
available for marine food webs through bacterial degradation [14]. The discordance between the large
delivery of terrestrial TOC to the global ocean and its limited quantity usually detected in coastal
marine environments suggests that river TOC is used by the marine food webs, both at regional and at
global scales [13].

5. Conclusions

Results show that the largest watersheds in Southern Europe have distinct features (Table 4),
which originate by the combination of regional climatic conditions, anthropogenic usage of freshwater
resource, adopted policies for the mitigation of eutrophication and oceanographic features of the
receiving coastal water bodies. Their flow regimes show a complex dynamics that have to be
analyzed from daily to multi-decadal scales. Notwithstanding the inhomogeneous coverage of time
series of TSM, nutrients and organic matter in river waters, these data are fundamental to assess
the possible combined impacts of anthropogenic and climatic pressures on coastal environments.
Comparative analysis of these aquatic ecosystems are not common, but they should be intensified
to better understand their distinct responses to environmental changes at sub-continental scales.
The following main results are highlighted by the present study:

• Flow dynamics of Ebro, Rhône, Po and Danube rivers exhibits a different incidence of freshets
and droughts and distinct annual cycles. This feature suggests the importance of regional climatic
factors in these drainage basins, despite the widespread presence of flow regulation systems.

• Annual water discharges of the Ebro significantly decreased during the last century, whereas
those Rhône, Po and Danube showed multi-decadal oscillations. For the Ebro, this difference is
consistent with the rise of anthropogenic usage of freshwater in the drainage basins and with
regional climate changes. For the other rivers, interannual variability of water discharge is still
prevailing on long-term trends.

• The decrease of water discharge of the Ebro was concomitant to a reduction of flow variability
in all the seasons. For the Rhône, Po and Danube, the decrease of discharges occurred mostly
in summer, with a concomitant increase of flow variability that suggests a greater instability of
climatic conditions in their regions.

• The concentrations of inorganic nutrients, TN and TP in the waters of Ebro and Po are about 50%
higher than in those of Rhône and Danube. This finding suggests that the former two watersheds
might be the most impacted ones by nutrient pollution, in a future scenario of reduced runoff,
even in the presence of constant inputs due to agricultural, urban and industrial activities.

• The concentrations of DIN and SiO2 show a clear annual cycle in these rivers, with the lowest
levels (−50%) being reached in spring and summer. This cycle changes seasonally quantity and
composition of the nutrient pool delivered into the receiving coastal water bodies.

• The analysis of nutrient budgets indicated that these rivers have changed from a past condition
characterized by large discharges of nutrients, with a rather balanced N:Si:P ratio, to overloads
of DIN and SiO2 with respect to PO4

3−. This process has reduced the eutrophication of rivers,
estuaries and coastal marine environments inducing, however, changes of ecological conditions
that have to be further assessed.

• Phosphorus scarcity is a common feature of these river and coastal ecosystems, but its potential
ability to limit primary production significantly reduces if organic phosphorus is considered at
least partially available for the growth of phytoplankton. For this reason, the real bioavailability
of riverine organic phosphorus for auto- and hetero-trophs should be better investigated as it
could play a key role in the regulation of the productivity and structure of plankton communities.
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• In the current post-eutrophic phase, the discharge of riverine TOC to the coastal zone is not
negligible with respect to the eutrophication potential of river nutrients.
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Appendix A

Figure A1. Frequency distributions of daily flows (m3 s−1) of the rivers and symmetry properties of
population data (M0 = mode, γ = moment coefficient of skewness, β = Kurtosis).
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Table A1. Slope (km3 month−1 yr−1) of monthly integrated river discharge (km3 month−1) vs. time
(yr) in flow series of Table 1 estimated by MKT and ST. The levels of significance of these trends are
highlighted in gray (*** α = 0.001, ** α = 0.01, * α = 0.05, + α = 0.1, no symbols α > 0.1).

Month Ebro Rhône Po Danube

km3 month−1 yr−1

Jan. −0.013 *** +0.011 +0.001 +0.045
Feb. −0.014 *** +0.008 +0.001 +0.041 *
Mar. −0.020 *** −0.001 −0.009 + −0.005
Apr. −0.019 *** −0.002 −0.007 +0.025
May −0.015 *** −0.010 + −0.001 −0.015
Jun. −0.014 *** −0.010 + −0.015 * −0.052 +

Jul. −0.005 *** −0.009 * −0.016 ** −0.040
Aug. −0.002 * −0.007 ** −0.008 * −0.014
Sep. −0.003 *** −0.004 +0.001 +0.011
Oct. −0.005 *** −0.001 −0.004 +0.020
Nov. −0.010 *** −0.001 −0.005 +0.006
Dec. −0.013 *** +0.012 + 0.000 +0.007

Table A2. Slope (% yr−1) of maximum monthly flow variability ([Qmax − Qmin] × 100/Qmax; %) vs.
time (yr) in flow series of Table 1 estimated by MKT and ST. The levels of significance of these trends
are highlighted in gray (*** α = 0.001, ** α = 0.01, * α = 0.05, + α = 0.1, no symbols α > 0.1).

Month Ebro Rhône Po Danube

% yr−1

Jan. −0.116 + +0.065 −0.065 −0.123 *
Feb. −0.211 *** −0.002 −0.054 −0.135
Mar. −0.060 +0.019 −0.106 +0.028
Apr. −0.019 +0.082 −0.021 +0.074 +

May +0.063 +0.047 +0.007 +0.201 ***
Jun. −0.040 +0.105 + +0.119 * +0.123 *
Jul. −0.420 *** +0.279 *** +0.134 ** +0.127 *

Aug. −0.417 *** +0.128 * −0.012 +0.091 +

Sep. −0.481 *** +0.020 −0.086 +0.072
Oct. −0.251** +0.006 −0.042 +0.004
Nov. −0.222 *** +0.062 −0.009 −0.012
Dec. −0.165 * +0.017 +0.038 +0.034

Table A3. Statistics of the dataset of annual transport (F; kt yr−1) of TSM, nutrients and total nitrogen
and phosphorus at the river mouths of the Ebro, Rhône, Po and Danube, in 1990–2012.

Year
F-TSM
kt yr−1

F-NO3
−

kt-N yr−1
F-NH4

+

kt-N yr−1
F-NO2

−
kt-N yr−1

F-PO4
3−

kt-P yr−1
F-SiO2

kt-Si yr−1
F-TOC

kt-C yr−1
F-TN

kt-N yr−1
F-TP

kt-P yr−1

Ebro
Median 70.91 19.17 0.50 0.19 0.50 30.37 29.28 26.12 0.81

1th Quartile 51.70 15.74 0.27 0.15 0.44 21.64 25.70 21.85 0.51
3rd Quartile 98.91 24.64 0.69 0.28 1.08 50.20 43.21 34.11 1.14

Min. 21.03 21.03 0.18 0.09 0.20 16.16 12.83 13.68 0.42
Max. 224.10 38.15 1.48 0.43 1.95 62.14 49.33 47.24 1.59

Rhône
Median 2030.56 79.98 2.91 1.27 2.33 105.05 155.20 101.91 4.85

1th Quartile 1262.63 65.71 2.39 0.98 2.11 78.11 143.92 89.27 4.08
3rd Quartile 3972.30 83.93 3.43 1.53 3.28 116.62 229.02 109.66 5.39

Min. 405.14 49.67 1.16 0.44 0.79 58.02 124.25 62.79 2.09
Max. 7998.60 99.54 4.59 2.52 6.24 156.88 279.43 115.80 7.13

Po
Median 5546.90 102.11 3.99 1.44 2.88 137.49 246.42 156.80 8.53

1th Quartile 3434.51 85.43 3.05 1.16 2.28 118.75 229.18 111.37 6.27
3rd Quartile 7771.78 126.30 6.08 1.85 3.30 183.28 299.69 227.11 10.25

Min. 1030.47 51.42 1.60 0.54 1.67 64.39 225.14 94.19 3.83
Max. 16,292.57 179.19 9.69 2.53 4.00 243.46 366.53 295.16 18.71

Danube
Median 6565.15 338.77 62.72 7.95 8.28 360.13 1139.75 446.30 18.96

1th Quartile 4820.07 297.08 36.09 5.67 6.19 298.29 968.46 374.27 13.17
3rd Quartile 10,478.27 406.26 75.93 8.92 11.27 452.54 1311.04 587.20 21.95

Min. 2645.97 188.40 26.08 2.14 4.13 189.11 797.17 270.00 10.39
Max. 19,077.89 535.22 89.79 12.05 15.96 935.85 1482.33 714.05 40.47
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Figure A2. Box Whisker Plot (median and quartiles) of monthly distribution of nutrient concentration
(μmol L−1) in the Ebro, Rhône, Po and Danube waters, in 1990–2012.

Table A4. Slope (kt yr−2) of annual river transport (F; kt yr−1) of TSM, nutrients and organic matter
vs time (yr) estimated by MKT and ST since the 1980s for Ebro, Rhône and Po and since 1997 for
the Danube. The levels of significance (Mann-Kendall test) of these trends are highlighted in gray
(*** α = 0.001, ** α = 0.01, * α = 0.05, + α = 0.1, no symbols α > 0.1).

Parameter Ebro Rhône Po Danube

kt yr−2

F-TSM −1.2 + −10.6 −171 +190
F-NO3

− −0.23 −0.11 −0.35 −8.31
F-NH4

+ +0.01 −0.06 −0.28 *** −3.58 **
F-NO2

− −0.01 * −0.04 *** −0.06 *** −0.18
F-DIN −0.36 + −0.35 −0.81 −11.1

F-PO4
3− −0.06 *** −0.22 *** −0.06 ** −0.18

F-SiO2 +1.3 +0.04 −1.06 −7.04
F-TOC −1.36 + - - -
F-TN −0.22 −0.52 −1.07 −32.5
F-TP −0.05 ** −0.09 −0.12 + 0.00
F-ON +0.01 −1.13 * +0.09 −4.30
F-OP −0.01 −0.02 −0.04 +0.08
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Figure A3. Box Whisker Plot (median and quartiles) of monthly distribution of molar ratios of nutrients
in the Ebro, Rhône, Po and Danube waters, in 1990–2012.
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80. Lazǎr, L.; Gomoiu, M.-T.; Boicenco, L.; Vasiliu, D. Total Organic Carbon (TOC) of the surface layer sediments
covering the seafloor of the Romanian Black Sea coast. Geoecomarina 2012, 18, 121–132.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

101





water

Article

The Influence of Flow Regime on Ecological Quality,
Bird Diversity, and Shellfish Fisheries in a Lowland
Mediterranean River and Its Coastal Area

Oscar Belmar *, Carles Ibáñez, Ana Forner and Nuno Caiola

Marine and Continental Waters Program, IRTA, Carretera Poblenou, km 5.5, Sant Carles de la Ràpita,
43540 Catalonia, Spain; carles.ibanez@irta.cat (C.I.); anaforner13@gmail.com (A.F.); nuno.caiola@irta.cat (N.C.)
* Correspondence: oscar.belmar@irta.cat or oscarbd@um.es; Tel.: +34-977-74-54-27 (ext. 1859)

Received: 12 March 2019; Accepted: 28 April 2019; Published: 1 May 2019

Abstract: Designing environmental flows in lowland river sections and estuaries is a challenge for
researchers and managers, given their complexity and their importance, both for nature conservation
and economy. The Ebro River and its delta belong to a Mediterranean area with marked anthropogenic
pressures. This study presents an assessment of the relationships between mean flows (discharges)
computed at different time scales and (i) ecological quality based on fish populations in the lower
Ebro, (ii) bird populations, and (iii) two shellfish fishery species of socioeconomic importance (prawn,
or Penaeus kerathurus, and mantis shrimp, or Squilla mantis). Daily discharge data from 2000 to
2015 were used for analyses. Mean annual discharge was able to explain the variation in fish-based
ecological quality, and model performance increased when aquatic vegetation was incorporated.
Our results indicate that a good ecological status cannot be reached only through changes on discharge,
and that habitat characteristics, such as the coverage of macrophytes, must be taken into account.
In addition, among the different bird groups identified in our study area, predators were related
to river discharge. This was likely due to its influence on available resources. Finally, prawn and
mantis shrimp productivity were influenced up to a certain degree by discharge and physicochemical
variables, as inputs from rivers constitute major sources of nutrients in oligotrophic environments
such as the Mediterranean Sea. Such outcomes allowed revisiting the environmental flow regimes
designed for the study area, which provides information for water management in this or in other
similar Mediterranean zones.

Keywords: Ebro River; fish community; ecological quality; birds; fisheries; productivity; deltas

1. Introduction

Deltas and estuaries are complex ecosystems largely recognized for their productivity and
importance, both for the economy and the conservation of nature (e.g., [1–3]). However, the rapid
growth of human population has put these areas under increasing pressure that threatens their
ecological integrity and economic value [4]. In Mediterranean aquatic ecosystems, the impacts produced
by anthropogenic pressures are magnified by their increased, and often extreme, natural hydrological
variability [5]. Human response to such hydrological fluctuations includes flow regulation and water
extraction that frequently disrupt aquatic ecosystems and produce accentuated environmental stress [6–8].

There is a need to harmonize nature conservation with socioeconomic activities. The provision
of environmental flow regimes (hereafter, e-flows) in the context of the Brisbane Declaration [9,10]
“to sustain aquatic ecosystems which, in turn, support human cultures, economies, sustainable
livelihoods, and well-being” constitutes an essential tool towards this direction. The 2012 European
Commission’s “Blueprint to Safeguard Europe’s Water Resources” proposed the development of a
guidance document [11] in the framework of a Common Implementation Strategy (CIS) that would
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provide a European definition of e-flows and a common understanding of how they should be
calculated in general terms. Such a document constituted a complement for the EU Water Framework
Directive (WFD) [12], which established the objective of achieving a good ecological status (which
categories may be high, good, moderate, poor, or bad) in European water courses.

The ecological status of rivers in the European Union must be assessed through ecological indices
(Water Framework Directive; [12]). Those based on fish offer the best sensitiveness to hydromorphological
pressures [13,14], such as hydrological variations. The official index in Spain is the Mediterranean Index
of Biotic Integrity (IBIMED), based on the Index of Biotic Integrity for Catalan rivers (IBICAT2010) [15]
and intercalibrated in Europe [16].

Studies developed in the lower Ebro have linked fish-based ecological quality or alien fish species
with flow regimes. Using data from summer 2016, Caiola et al. [17] found that the success (establishment
and dispersal) of alien fishes is enhanced by flow reduction, which resulted in decreased flow velocity
in the littoral zone. They determined that water velocities lower than 0.4 m/s are associated with an
impacted community dominated by alien species (i.e., alien-to-native species ratio greater than 0.5).
Belmar et al. [18] used interannual field data sampled between 2006 and 2015 in the lower Ebro and
found relationships between hydrological indices associated with the magnitude and variability of
flow regimes (using daily and hourly flow records) and ecological quality, assessed using different
fish-based indices. They concluded that the index IBICAT2010 [15] is more suitable than IBICAT2b
(its variant) [15] and the Improvement and Spatial extension of the European Fish Index (EFI+) [19,20]
to detect ecohydrological relationships in the lower Ebro River, depending on the spatial and temporal
scales considered. On one side, this further suggested that the time period considered to characterize
hydrologic regimes determined the ability to observe relationships between flow indices and ecological
quality. On the other side, the ability to detect such ecohydrological relationships depended on
the location of the transect, even with those located within the same water unit (“masa de agua”;
subdivision of surface waters to implement the WFD in Spain).

The e-flows proposed for the lower Ebro (Table 1) have little in common with the requirements of
natural ecosystems or natural flow regimes, as they are not an exception to the common tendency of
water management to set minimum flows that are constant for long periods [21]. The Hydrological
Plan published in 1996 established such e-flows as the 10% of the natural mean interannual runoff (5%
when the mean flow was greater than 80 m3/s) in the river, maintaining a provision of 100 m3/s for the
mouth. In 2001, the National Hydrological Plan (PHN, in Spanish) developed the Integral Protection
Plan of the Ebro Delta (PIPDE, in Spanish) to maintain its “special ecological conditions” but e-flows
were defined using the same criteria as in 1996. This simplistic approach was criticized arguing that
the classical methods of determining environmental flows in rivers are neither designed nor adequate
for the objective of maintaining the deltas and estuaries in a good ecological status [22]. In 2007,
the Commission for the Sustainability of the Ebro Land (CSTE, in Catalan), including representatives
from the Catalan and Spanish governments, issued a report proposal of monthly e-flows for the
river. In addition, the Royal Decree of Hydrological Planning [23] and the Technical Instruction of
Hydrological Planning [24] developed normative contents regarding e-flow assessments. The Ebro’s
Hydrological Plan for 2010–2015, approved in 2014, defined e-flows for the lower part of the river,
much lower than those proposed by CSTE in 2007 and 2015 [25]. Finally, the Hydrological Plan for
the period 2016–2021 used the same environmental regime (Table 1). Therefore, the e-flows for the
lower Ebro are based solely on defining flow magnitudes. Although such magnitudes may change
among months and types of year, there are not explicit rules to adjust flow variability (e.g., coefficient
of variation).
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Advances in measuring flow-ecology relationships allow inferring conclusions on the ecological
impacts of specific flow regimes on communities, including e-flows, but further research is still
necessary in order to determine the patterns of habitat complexity that may explain differences in
ecohydrological relationships (sensu [26]) among river transects (and water units). Exceptional rises
in magnitude, together with a general reduction in flow magnitude and variability, are common in
Mediterranean main stems (such as the lower Ebro) because of dam management (with consequences
on river habitats) [27]. Given the relevance of flow magnitude in e-flow regimes (Table 1), basing such
flow-ecology relationships on mean discharges results relevant from a water management perspective
(see examples in [28,29]). In addition, the sustainability of deltas cannot be guaranteed only with the
allocation of e-flows for the fish inhabiting the low section of the river, which is the current practice
in Spain and most countries. E-flows must be determined not only for the river ecosystem but also
for the associated coastal and marine systems, which represents a challenge for scientists and water
managers [22]. The possible effects of water quality (e.g., nutrient content) have also to be considered.
In this context, a relationship between freshwater inputs from the Ebro River and coastal fishery
species such as anchovy (Engraulis encransicolus) has been highlighted [30]. Major river outflows
are one of the nutrient enrichment processes that maintain fishery production worldwide [31], and
similar results have been obtained in other areas in Mexico [32] and Australia [33]. In this context,
the littoral of the Ebro delta is suitable to study the relationship between river outflows and two
shellfish fishery species: prawn (Penaeus kerathurus) and mantis shrimp (Squilla mantis). Due to their
commercial value and their dependence on deltaic habitats, the delta is the only fishing ground of
these species exploited by the corresponding fishermen’s society (the most important in Catalonia in
terms of income). Therefore, significant relationships between river outflows and these species would
have socioeconomic implications relevant for water management at catchment scale (particularly,
for e-flow assessment). In addition, the delta is characterized as one of the main feeding and breeding
areas of several endangered bird species, amongst which Audouin’s gull (Larus audouinii) stands out.
Determining relationships between flow regimes and bird communities in the delta and in similar
Mediterranean areas, as it has been done in (scarce) studies developed in other areas [34], may be
essential for nature conservation.

The present study, developed in the lower Ebro and its delta, aimed to (i) deepen into the
ecohydrological relationships found in Belmar et al. [18] in order to obtain additional conclusions
for water managers; and (ii) complete such conclusions using other groups of organisms relevant for
ecological conservation and socioeconomic activities at the delta and its littoral zone [22]. This will
also provide conclusions useful for water management. Specific tasks were planned to:

i. Determine the relationship between mean discharge (instead of the original set of hydrological
indices in Belmar et al. [18]) averaged along the same time periods and ecological status in order
to use the obtained models to calculate e-flows to preserve the good ecological status in the
lower Ebro (assessing the suitability of the proposals presented up-to-date). Fish communities
were characterized using not only ecological quality indices (IBICAT2010, IBICAT2b, and EFI+)
but also the ratio of alien species (both in terms of richness and abundance). This allowed
determination of the relationship between ecological quality and alien species, in order to
validate the 0.5 threshold used by Caiola et al. [17] to consider a community as impacted.

ii. Introduce habitat and riparian characteristics in the models to determine the influence of
habitat complexity.

iii. Identify potential relationships among discharge, water quality, and two (shellfish) fishery
species with socioeconomic relevance (prawn, or Penaeus kerathurus, and mantis shrimp,
or Squilla mantis), as well as between flows and bird populations (ecological relevance) at
the delta.
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2. Materials and Methods

2.1. Study Area

The Ebro Delta is one of the largest wetlands in the western Mediterranean and one of the most
important estuarine zones in Europe [35,36]. Declared a Natural Park in 1983, a Special Protection Area
(SPA) under the Birds Directive [37] in 2006 and a World Biosphere Reserve in 2013, more than 8000 ha
are protected by the Spanish legislation. The delta has a great diversity of habitats, with endemic
faunal (ornithological and ichthyologic) and halophilic floral composition [38], together with important
human activities such as rice agriculture, fisheries, aquaculture, and tourism [22].

The lower Ebro River is located upstream of the delta, between the Flix Reservoir and the Tortosa
Estuary (Figure 1). The lower Ebro’s hydrology, geomorphology, and ecology are strongly impacted by
the operation of three dams and two weirs. This river section is divided in four water units (Figure 1)
according to the current Hydrological Plan: ES091463 (from the Xerta weir to Tortosa), ES091461
(from Ascó Weir to Xerta Weir), ES091460 (from Flix dam to Ascó Weir), and ES091459 (Flix Meander).
The water unit ES091461 is by far longer than the others (Figure 1). The rest of the basin is strongly
regulated by nearly 200 dams, most of them built from 1940 to 1970 [39,40].

Figure 1. Study area showing the sampling transects and gauging stations located on the water units
(masses) of the low Ebro River (dams and weirs are also showed).

2.2. Data

2.2.1. Fish Data at the Lower Ebro River

Fishes were sampled from six sampling transects in the lower Ebro River (Figure 1) from 2006
to 2015, during summer or early autumn, using electrofishing. The dataset belongs to a long-term
sampling developed with generalists’ objectives, where transects were selected to represent different
hydromorphological typologies in the river section (for more details, see [17]) and to capture as much
variability as possible. They also provided a weighed representation of the water units in the study
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area (as the greatest number of transects was located in the longest water unit): ES091463 (transect 1;
from Xerta weir to Tortosa), ES091461 (transects 2, 3, and 4; from Ascó to Xerta), ES091460 (transect 5;
from Flix to Ascó), and ES091459 (transect 6; Flix meander), respectively. One survey per year was
carried out between summer and early autumn. At each transect, fish were caught with boat-based
electrofishing gear that generated up to 400 V and 10 A pulsed DC, working from the downstream to
the upstream direction. Following the CEN’s (“Comité Européen de Normalisation”) standards for
fishing with electricity [41], each transect was 2 km long and was sampled in ten equidistant points in
the littoral zone, either on the left or the right bank. At each sampling point, habitat variables (presence
of aquatic vegetation and riparian land cover types; Table 2) were additionally recorded. All fish
catches from the sampling points of each transect were aggregated to ensure an adequate sampling
effort [17]. The habitat descriptors were expressed at the transect level calculating the proportion of
the corresponding categories (aquatic vegetation and riparian land cover types) using the ten points
included in each transect.

Table 2. Habitat variables recorded at each sampling point. All point measurements were converted to
percentages to describe their relative distribution at each transect.

Factor Variable

Aquatic vegetation

Coverage
Potamogeton pectinatus

Potamogeton natans
Potamogeton crispus

Ceratophyllum demersum
Myriophyllum spicatum

Cladophora spp.
Lemna minor

Others

Riparian land cover types

Riparian forest
Reed

Riprap
Rock
Grass
Wall

Without vegetation

All diadromous species were removed, as the Xerta weir prevents their movement upstream and
these species can only be found in the lowermost sampling transect (Figure 1). By doing so, we ensured
that this transect was comparable with the rest. Then, fish-based ecological quality was characterized
through the indices IBICAT2010, IBICAT2b, and EFI+ in each sampling transect. Captures in transects
2, 3, and 4 were combined to account for the increased length of water unit ES091461, thus obtaining
results comparable to those in Belmar et al. [18]. Finally, the ratio between alien and native species was
computed, using richness and abundance (CPUEs; Catches Per Unit Effort).

2.2.2. Bird and Fishery Data at the Delta

The census of birds and the records of fish landings were obtained from the Ebro’s Delta Natural
Park and the Verge del Carme fishermen’s society (Tarragona, Spain), respectively. The bird census
consisted of species abundances in winter each year in the delta (including nesting species), which were
grouped by families. Fisheries data consisted of the number of boats and the biomass fished, by means of
trawling and artisanal techniques. Prawn (Penaeus kerathurus) and mantis shrimp (Squilla mantis) catches
were expressed as kilograms per number of boats. They were complemented with physicochemical
data (Table 3) obtained from different regional and national organizations: Ebro’s Hydrographic
Confederation (CHE, in Spanish), Tarragona’s Water Consortium (CAT, in Catalan), and Catalan Water
Agency (ACA, in Catalan).
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The abundances of bird populations (around 140 species) showed a growing tendency since the
70’s that did not cease until the 00’s, which was probably influenced by protection measures after the
creation of the Natural Park. We selected, for analyses, a posterior time series (2005–2015) to ensure
that the variability in bird populations was mainly caused by environmental change. Such period also
allowed using coetaneous data of fish (river) and birds. Fishery data (delta) covered the same period
(2005–2015).

Table 3. Physicochemical variables obtained from Ebro’s Hydrographic Confederation (CHE, in Spanish),
Tarragona’s Water Consortium (CAT, in Catalan), and Catalan Water Agency (ACA, in Catalan).

Variable Units

Chlorophyll μg/L
Phytoplankton Relative frequency
Zooplankton Relative frequency

Dissolved Inorganic Nitrogen mg/L
Dissolved Inorganic Phosphorous mg/L

Total Organic Carbon mg/L
Turbidity Nephelometric units

Suspended Matter mg/L

2.2.3. Hydrological Records

Daily discharge data for the Tortosa (A027), Ascó (A163), and Flix (E002) stations (Figure 1) were
obtained from the automatic network of gauging stations (SAIH, Automatic System of Hydrologic
Information, in Spanish) in the Ebro Basin. Tortosa (A027) was assigned to the water unit ES091463
(transect 1), Ascó (A163) was assigned to the water units ES091461 (transects 2, 3, and 4), and ES091460
(transect 5), and Flix (E002) was assigned to the water unit ES091459 (transect 6), considering the
location of the weirs and transects in the study area. Finally, Tortosa was also assigned to the delta and
its littoral zone. The period 2000–2015 was selected in order to encompass the period with biological
data (2005–2015; Figure 2) and at least the four previous years, to average flows along the same periods
as in Belmar et al. [18].

Figure 2. Flow series recorded in Tortosa (A027), Ascó (A163), and Flix (E002) from 2005 to 2015.

2.3. Analyses

For river fish, daily records from the three gauging stations (Tortosa, Ascó and Flix) were used to
compute mean discharge values in the lower Ebro for periods of 1, 3, 6, 9, 12, 24, 36, and 48 months
prior to sampling, similarly to the process applied in Belmar et al. [18]. In addition, the Pearson
correlation coefficient between total annual runoff and the runoff generated only by sudden flow
rises each year was computed to guide the interpretation of the effects of mean discharge on river
communities. For birds, mean annual flows on a hydrological-year basis (October–September) were
computed from the data of the Tortosa gauge (A027). This temporal scale has been used previously
to assess relationships between flow regimes and birds [34]. For fisheries, annual flows using the
hydrological year were also employed, as the hydrologic year practically matches the starting of the
trawl-fishing season. Relationships among flows, fish-based ecological quality, birds, and fisheries in
the low Ebro River and its delta were assessed as described below.
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First, a set of general linear models (GLMs) was employed to investigate relationships between the
mean discharge values, computed for the different time periods, and ecological quality (fish indices)
at the lower Ebro. Given the different hydromorphological typologies represented by the transects,
these models were developed to understand the ecohydrological relationships of each specific transect
using temporal series, which may allow to provide water managers with useful information. Aquatic
vegetation and riparian land cover were considered as independent habitat variables representing the
patterns of complexity that may explain differences in ecohydrological relationships among transects.
GLMs were also used to investigate the relationships between ecological quality and the ratio of alien
species. Then, using the equations of the models, the values to obtain moderate or good ecological
qualities (sensu the WFD) were computed.

A second set of general linear models (GLMs) was employed to test the significance of the
relationships between mean annual discharge values, on one side, and birds and fisheries, on the other.

For all bird taxa, a two-step procedure was followed. (i) A between-years dissimilarity matrix was
constructed using Bray–Curtis distances. This matrix was used to develop a permutational multivariate
analysis of variance (PERMANOVA; [42]) for fitting linear models to the distance matrix using a
permutation test with pseudo-F ratios. (ii) The Pearson correlation was used to search for relationships
between mean annual discharge values and bird families and species counts, developing GLMs
between discharge values and those taxa with a correlation (discharge–taxa) greater than 70% [18].
In addition, using sequentially longer periods, an iterative process was carried out to determine the
possible effect of the temporal period selected on the results of two endangered species: Larus audouinii
and Larus genei (the two species of Larus with enough data to use this approach).

For fisheries, the second set of GLMs was developed with the two selected species (and fishing
methods) as dependent variables. Mean annual discharge values (on a hydrological-year basis) and
physicochemical variables (to represent nutrient availability) were used as independent variables.
Mean discharges computed using the natural year and the months of autumn, spring, and March
(the month with maximum flow values) for each year were also used as independent variables.
This last set of mean discharges was computed using also the flow records of the one and two
years before each year. Stepwise procedures were employed to discard variables in the GLMs [43].
The assumptions of Gaussian models were verified (data series were also tested to discard the presence
of autocorrelation). In addition, monthly data were used to run an integrated, autoregressive, moving
average (ARIMA; [44]) time series model using flows and physicochemical variables as covariables.
ARIMAs are fitted models to time series data either to better understand the data or to predict future
points in these series (forecasting). The use of covariables allows determining if they improve the
model, which is indicated by a reduction in the Akaike Information Criterion (AIC). All analyses were
developed in R [45].

3. Results

3.1. Relationships between Flows and Fish-Based Ecological Quality in the Lower Ebro River

Total annual runoff and the runoff generated by sudden flow rises each year were highly correlated
(Pearson correlation coefficient: 0.98; p < 0.001; Figure S1, Supplementary Material). Statistically
significant correlations were also observed between the 9-, 12-, 24-, 36-, and 48-month average discharge
values and the IBICAT2010 index, with the strongest correlation for the 12-month average (Table S1a,
Supplementary Material). Transect 4 had the greatest number of significant cases and the highest R2

values observed. Transects 5 and 6 also showed statistically significant relationships between mean
flows and IBICAT2010. On the contrary, transects 1, 2, and 3 did not show statistically significant
results. Finally, the results obtained when transects within the water unit ES091461 (transects 2, 3, and
4) were combined were similar to those obtained in transect 4 (i.e., the means computed using periods
between nine and 36 months produced statistically significant results).
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In all transects, which showed an ecological status between poor and bad, the minimum flow
needed to guarantee a moderate or good ecological status decreased as the period used to compute
the mean flow increased (Figure 3; Table S1b, Supplementary Material). Interestingly, the greatest
mean discharges were those provided by the combination of the transects 2, 3 and 4. Such flows were
by far above the current mean discharge (around 300 m3/s), which is why their use was discarded
from subsequent analyses (i.e., addition of habitat variables, which may in fact result unrealistic at
combined scale). Transects that showed statistically significant relationships between fish indices and
discharge also showed them between fish indices and the ratio of alien species (with the exception
of the combination of transects 2, 3, and 4). The indices IBICAT2b and EFI+ showed less statistically
significant relationships with flows, but a greater number of relationships with alien fishes was detected
using IBICAT2b. All transects showed statistically significant relationships with the richness of alien
species (Table S2a, Supplementary Material). A proportion of 0.5 would imply a status below moderate
in almost all of them and below good in all of them (Figure 3; Table S2b, Supplementary Material).
In addition, whereas transect 6 showed a relative tolerance to alien individuals to achieve a moderate
ecological status, transect 5 showed a very low tolerance (Figure 3).

Figure 3. Mean discharges (m3/s) computed with different periods (9, 12, 24, 36, and 48 months) and
maximum proportion of alien individuals and species acceptable to ensure moderate (left) and good
(right) ecological status in the transects with statistically significant results (significance levels: * p <
0.05; ** p < 0.01; *** p < 0.001).

When habitat variables (aquatic vegetation and riparian land cover) were added to mean flow
(12-month period, as it provided the greatest coefficients of determination) to explain variations in
ecological quality (IBICAT2010, given its greater sensitiveness to flows), results improved for all
transects, with coefficients of determination that reached even almost 90% (Table 4). Whereas the use
of mean flows did not provide statistically significant results in transects 2 and 3, the overall coverage
of aquatic vegetation and the coverage of specific aquatic macrophytes (Ceratophyllum) produced
significant p-values. In addition, by considering a coverage of 0% (to simulate the suppression
of macrophytes), the flows necessary to achieve a moderate or good ecological status in transect
5 diminished (Figure 4; Table S3, Supplementary Material).
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Table 4. Coefficients of determination (R2) of the general linear models (GLMs) for the different
river transects (T) using ecological quality (IBICAT2010) as dependent variable and mean discharge
(12-month period; “qmean_12”) and habitat variables as independent variables, through a stepwise
selection procedure.

Transect R2 Independent Variable Sign of Coefficient

T 1 0.23 qmean_12 +
Coverage −

Potamogeton pectinatus −
Ceratophyllum demersum −

Riparian forest +
T 2 *** 0.75 qmean_12 * +

Coverage ** −
T 3 *** 0.70 Coverage * −

Ceratophyllum demersum * −
T 4 *** 0.79 qmean_12 *** +
T 5 *** 0.88 qmean_12 ** +

Coverage * −
Potamogeton pectinatus +

Myriophyllum spicatum * −
T 6 0.85 qmean_12 +

Coverage −
Potamogeton natans +
Potamogeton crispus −

* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 4. Mean discharges computed with a 12-month period necessary to achieve a moderate and
good ecological status in the transects (T) in the absence of aquatic vegetation (significance levels:
* p < 0.05; *** p < 0.001).

3.2. Relationships between Flows, Birds, and Fisheries at the Ebro Delta

Although the PERMANOVA analysis revealed that the bird community was not related to annual
flows (p > 0.05), some species did show correlations. Such was the case of Circus aeruginosus, Accipiter
nisus, Grus grus, and Tringa stagnatilis. After inspecting the GLMs, the latter was discarded because it
did not fit the assumptions of Gaussian models. Regarding taxonomic groups, only predators were
significantly correlated with mean annual flows (Table 5). No statistically significant relationship was
found between nesting species and mean flows (p > 0.05). Finally, the iteration process carried out to
determine the effect of the temporal framework on Larus species revealed that the results were not
significant in practically any case. The coefficients of determination obtained were never greater than
0.25, independently of the time series used (Table 6).
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Table 5. Coefficients of determination (R2) of the general linear models (GLMs) using bird species and
groups as dependent variable and mean annual discharge as independent variable. Taxa and groups
with non-significant values are not shown.

Species or Group R2 Sign of Coefficient

Circus aeruginosus *** 0.68 +
Accipiter nisus * 0.42 +

Grus grus *** 0.81 +
Predators *** 0.60 +

* p < 0.05; *** p < 0.001.

Table 6. Coefficients of determination (R2) of the general linear models (GLMs), using two endangered
bird species (Larus audouinii and Larus genei) as the dependent variable and mean annual discharge as
the independent variable, within an iteration process with different years.

Period Larus audouinii Larus genei

1995–2014 0.01 0.01
1995–2013 0.01 0.00
1995–2012 0.12 0.00
1995–2011 0.19 0.00
1995–2010 * 0.25 0.00
1995–2009 0.25 0.00
1995–2008 0.24 0.00
1995–2007 0.22 0.00
1995–2006 0.21 0.00
1995–2005 0.20 0.02

* p < 0.05.

The studied fisheries in the delta seemed to respond to annual flows in the case of prawns
(Penaeus kerathurus; Figure 5), but they were significantly related only for those fished through traditional
techniques (Table 7a). The models did not improve using physicochemical variables. The only exception
was the case of mantis shrimps fished through trawling, but the model discarded annual flows
(Table 7b). On the contrary, at a monthly scale, the ARIMA analysis showed that only the use of
physicochemical covariables improved the models: dissolved inorganic phosphorous, phytoplankton,
and zooplankton mainly (Table 8). Monthly flows did not have the ability to reduce the AIC. However,
the flows of the previous two years, spring, March, and the previous two autumns did provide some
additional statistically significant results according to the corresponding GLMs (Table 9).

Figure 5. Annual average captures by number of boats (columns, first axis) and flows (line, secondary
axis) and for the fishery species selected and the two techniques used: (a) Prawn and trawling, (b) prawn
and other techniques; (c) mantis shrimp and trawling; and (d) mantis shrimp and other techniques.
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Table 7. (a) Coefficients of determination (R2) of general linear models (GLMs) using the selected
fishery taxa and techniques (a: trawling; b: other techniques) as the dependent variable and annual
flows based on hydrological year (Flow) as the independent variable. (b) Results using annual flows
and physicochemical variables (see Table 3 for details) as independent variables, through a stepwise
selection procedure.

(a)

Dependent Variable R2 Independent Variable Sign of Coefficient

Pennaeus_a 0.07 Flow +
Pennaeus_b * 0.40 Flow +

Squilla_a 0.04 Flow +
Squilla_b 0.08 Flow −

(b)

Dependent Variable R2 Independent Variable Sign of Coefficient

Pennaeus_a 0.22 Flow +
Phytoplankton +

Dissolved Inorganic
Phosphorous −

Pennaeus_b 0.46 Flow +
Phytoplankton −
Zooplankton +

Dissolved Inorganic
Phosphorous −

Turbidity +
Suspended Matter −

Squilla_a * 0.50 Phytoplankton −
Suspended Matter −

Squilla_b n/a n/a n/a

* p < 0.05; n/a: not applicable.

Table 8. Akaike Information Criterion (AIC) for different covariables (see details in Table 3), obtained
employing integrated, autoregressive, moving average (ARIMA) time series models on the selected
fishery taxa and technique (a: trawling; b: other techniques). The co-variables that reduced the AIC are
in bold.

Co-Variable Penaeus_a Penaeus_b Squilla_a Squilla_b

None 510 739 630 514
Flow 512 742 631 515

Chlorophyll 491 728 611 507
Phytoplankton 452 727 611 502
Zooplankton 493 723 605 500

Dissolved Inorganic Nitrogen * 512 740 625 516
Dissolved Inorganic

Phosphorous
333 419 371 389

Total Organic Carbon 497 727 614 505
Turbidity 512 743 631 515

Suspended Matter 413 570 478 406

* only for Squilla_a.

Table 9. Coefficients of determination (R2) and signs of coefficients of general linear models (GLMs)
developed using the selected fishery taxa and technique (a: trawling; b: other techniques) as the
dependent variable and flows averaged along different periods as the independent variables (“Indep.
var.”; “-2” indicates that it is the value from two years ago), through a stepwise selection procedure.
Only variables with relevant results are shown.

Indep. Var. Pennaeus_a Sign Pennaeus_b Sign Squilla_a Sign Squilla_b Sign

year 0.16 + ** 0.52 + 0.11 + 0.09 −
year-2 0.01 − 0.01 − * 0.47 − 0.23 −
March 0.05 + 0.30 + 0.01 − ** 0.57 −
Spring * 0.41 + * 0.37 + 0.33 + 0.13 +

Autumn-2 0.00 − 0.10 − *** 0.84 − 0.13 −
* p < 0.05; ** p < 0.01; *** p < 0.001.
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4. Discussion

This study shows relationships between water discharge, riverine fishes, bird diversity, and
coastal (shellfish) fisheries. Based on a dataset with more than ten years of records (which is scarce in
bibliography), it constitutes a contribution to validating sustainable management strategies in the lower
Ebro River and its delta (and in similar areas), and; therefore, to water management. The environmental
flow regimes proposed up-to-date would result as insufficient in the river, according to the models
developed. However, controlling the development of macrophytes may allow for the achievement
of the same objectives of quality with lower volumes. This is coherent with previous research that
highlighted that some consequences of flow alterations can be remedied by physical habitat alterations,
such as encroaching aquatic vegetation removed by mechanical clearing in absence of scouring flows,
but pointed out that the long-term effectiveness and sustainability of such actions are in many cases
likely to be low [15]. This study contributes to the understanding of the connection among flows,
macrophytes, and fish, as well as ecological (i.e., birds) and socioeconomical (i.e., fisheries) components
of the delta, in order to provide water managers with valuable information to guide their decisions.

4.1. Fish-Based Ecological Quality and Flows in the Lower Ebro

Fish-based ecological quality may respond to mean discharge, depending on the spatial and
temporal scale considered, but water management and e-flow assessment must pay attention to the
specific mechanisms that explain such variability. Like in the study developed by Belmar et al. [18],
ecological quality (IBICAT2010) showed positive relationships with flow magnitude in the lower Ebro
River and a 12-months span provided the best results, which is likely related to the relationship between
total annual runoff and the runoff caused by sudden flow rises (given their ecological relevance).
Such results were conditioned by spatial heterogeneity (sensu [46]), as local conditions (e.g., aquatic
vegetation) influenced fish communities. Fish-based indices are not focused on one “objective” species,
contrarily to habitat suitability models, which means that ecohydrological relationships are more
difficult to establish using only hydrological information. Nevertheless, approaches at community level
like this one are necessary because the use of “objective” species ignore vital ecological linkages [47].
Our results indicate that combining transects to obtain results representative at a greater spatial scale
for a long water unit [18] may condition the applicability of the results, given that this may provide
too high discharge thresholds to achieve a predefined ecological status or not be realistic (as aquatic
vegetation must also be considered). Additional research will allow better understanding this output,
which seems to evidence the importance of considering the influence of multiple environmental factors
(i.e., not just flow) and spatial scale on the ability of species to complete their life cycles and thus persist
as members of a community, as Poff [47] highlighted. This helps to anticipate under what circumstances
flow interventions will be successful in sustaining socially valued ecological characteristics. In this
sense, the choice of a suitable quality index to establish meaningful ecohydrological relationships may
depend on the specific objective. IBICAT2b showed greater sensitiveness to the ratio of the richness
of alien species (as the relationships were statistically significant in all transects). The fact that a
proportion above 0.5 would imply an ecological status below good in all of them seems to confirm the
suitability of such criterion to define a community as impacted within the approach to biologically
validate environmental flows proposed by Caiola et al. [17].

Ecological quality may be improved both with relatively high mean flows during a short period
and with lower flows during longer periods, given that the relationship between time span and
flow magnitude is inverse. Such inverse relationship must be interpreted with caution, as it has
been observed within the temporal framework established by Belmar et al. [18], who did not find
relationships between daily flow records and ecological quality out of the temporal range observed
here (between 9 and 48 months). Additional factors, such as aquatic habitats, may help to better
understand this inverse relationship (see text about macrophytes in the paragraph below). Within the
stated temporal range, longer periods (more months) involve greater uncertainty, as they are associated
with lower coefficients of determination. In general, both a good and a moderate ecological status
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are unreachable only through increases in mean flows, as the required flow values are way greater
than the current mean values. The annual mean for the series considered in this study is around
300 m3/s (period 2005–2015), whereas the historical annual mean discharge (423 m3/s for the period
1912–2014) is greater, similar to the flow necessary to achieve a moderate ecological status when the
span considered increases up to 36 months (435 m3/s) and also similar to the value necessary to achieve
a good status (492 m3/s). This evidences that the current ecological status of the river is the result of
a process of degradation caused by a gradual increase in hydrologic stress (mostly caused by water
demands) and also that flow regimes closer to the natural regime would be capable to provide a better
ecological status. Nevertheless, we must emphasize the necessity to interpret our results with caution.
Given that all samples showed an ecological status between poor and bad, the discharge needed to
achieve a moderate and good status had to be extrapolated, which involves incertitude. Despite this
limitation, the dataset employed in this study results very valuable because biological series with more
than 10 years of data are scarce in bibliography.

Measures additional to water provisioning are needed to improve the ecological quality in the
lower Ebro River, such as controlling aquatic vegetation (macrophyte development). Such vegetation
showed to represent spatial heterogeneity effectively, as it improved the models in those transects
where flows provided poor results on their own (practically all of them except transect 4). The coverage
of aquatic vegetation seems to be in general inversely related to ecological quality (IBICAT2010), which
was also the case of Ceratophilum and Myriophyllum (associated with stagnant waters). Therefore,
in those transects where both discharge and macrophytes influence ecological quality, reducing
their coverage would imply lower discharges to achieve the same ecological status (e.g., transect 5).
This could be related to the inverse relationship between water discharge and macrophytes observed
in the study area by Ibáñez et al. [48]. They showed that flows with enough magnitude and duration
reduced macrophyte abundance, given that lower discharges can allow vegetation to encroach into
river channels. Our results also suggest that increased macrophyte coverage is accompanied by an
increase in alien species. During the fieldwork conducted, alien species were more abundant than
native species in habitats rich in aquatic macrophytes, which have spread in the study area as the
degree of regulation has increased during the last years together with the corresponding reductions in
mean discharge [48] (given that both alien plants and animals are more vulnerable to flood scour [49]).
The effects of flows on ecological quality (fish communities) seem thus to be direct and indirect. Direct
effects would be related to the suitability of the conditions generated by flows (e.g., depth, sediment
transport, etc.) for fish, whereas indirect effects would be associated with other factors that may also
influence fish communities (i.e., macrophytes). The ecological index employed (which uses metrics
based on alien species) and the fact that flow discharge is currently below the natural regime may help
to understand the inverse relationship between time span and flow magnitude observed to achieve a
certain ecological status. Greater flows (more close to the natural regime) may produce flood scour in a
shorter period, with a positive effect on ecological quality (given its negative effect on alien species).
Further research is necessary to fully understand the relationships among these factors, as well as to
understand the ecological responses to individual hydrologic events or sequences of events at other
ecological resolution such as process rates and species traits [47].

4.2. Effects of River Flows on Birds and Fisheries in the Delta

The relationship between flows and bird communities showed as being restricted to a few taxa.
Only some species typical of lacustrine or riverine environments (Accipiter nisus is associated with
forests, but can also inhabit riparian understory; [50]), and the group of predators, were related to mean
annual discharge. Lowland species that feed on submerged prey or macrophytes from the water surface
are vulnerable to changes in flow regimes, because such species may display negative relationships
with high flow frequency and duration [34], as foraging efficiency is likely to be severely compromised
under conditions of elevated water velocity, depth and turbidity [51]. However, we found a positive
relationship between flows and predators. This might be due to an indirect relationship between river
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flow and abundance of prey birds in the delta caused by an increase in their availability in rainy years,
but this issue requires further research. Marine birds such as seagulls did not provide correlations
greater than 70%. The iterative process developed on two Larus species revealed a small effect of the
temporal framework on the results, as the coefficients of determination were always low (and usually
non-significant). However, the last iterations (from 1995–2012 to 1995–2014) showed a reduction in
the values of the coefficients that also deserves further investigation. Such reduction may indicate a
weakening in the dependence of these species on flows, probably caused by other factors associated
with the decreasing trends in populations detected in the last years such as changes in fishing practices
by boats (e.g., prohibition of returning fishing discards to sea).

The significant relationships between discharge (together with the additional indices calculated
for fisheries) and some fishery groups detected evidence that flow magnitude may have implications
for socioeconomic activities, although other factors must be considered. The influence of water
physicochemical characteristics associated with river nutrients on populations at a monthly scale is
relevant for seasonal water management, as nutrients determine the availability of nourishment in an
oligotrophic environment such as the Mediterranean Sea [52]. For example, monitoring variations in
the parameters highlighted in this study (chlorophyll, phytoplankton, zooplankton, dissolved inorganic
phosphorous, total organic carbon, and suspended matter) may allow anticipating monthly variations
in the fishery groups selected. Fishery management must also take into consideration that the effect of
discharge on populations depends on the temporal scale, species, and fishing technique considered.
For example, only prawns caught with traditional techniques showed a statistically significant annual
response. In addition, the flows experienced in March, spring, and during the two previous years
are good candidates to be taken into consideration by water managers in order to anticipate changes
in fish productivity. Such relationships are also related to nutrient enrichment processes caused by
discharge [31–33], but further research is necessary to explain the specific mechanisms that link river
flows and fish productivity in coastal areas like this one. In this context, the relationships observed
in this study involve a reduced number of factors (i.e., hydrologic regime and nutrient content),
which results as relevant for water management at the catchment scale to assess environmental flow
regimes. More accurate models could be developed to account for more variables associated with
other factors, such as water pollution (which was out of the scope and would require a greater number
of cases). In addition, analyses based on other species may allow a broader knowledge in terms of how
fisheries respond to river flows. Distinguishing among reproductive strategies and species’ location in
the water column will result as essential.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/5/918/s1,
Figure S1: Plot showing the relationship between annual runoff and the runoff caused by sudden flow rises (hm3)
each year, Table S1: (a) Coefficients of determination (R2) of the General Linear Models (GLMs) for the different
river transects (T) developed using IBICAT2010 as the dependent variable and (i) the mean discharge (qmean)
computed with different months, (ii) the proportion of alien individuals (CPUEI_I_T) and (iii) the proportion of
alien species (R_I_T), as independent variables (Indep. var.) (b) Modelled mean discharges (m3/s) to achieve the
moderate and good ecological status for each transect at each period, Table S2: (a) Coefficients of determination
(R2) of the General Linear Models (GLMs) for the different river transects (T) developed using IBICAT2b and
EFI+ as dependent variables (Dep. var.) and (i) the mean discharge (qmean) computed with different months,
(ii) the proportion of alien individuals (CPUEI_I_T) and (iii) the proportion of alien species (R_I_T) as independent
variables (Indep. var.). (b) Modelled mean discharges (m3/s) to achieve moderate and good ecological status for
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period) as the independent variable to explain ecological quality using the IBICAT2010 index.

Author Contributions: Conceptualization, C.I. and N.C.; data curation, O.B. and A.F.; formal analysis, O.B.;
methodology, O.B.; supervision, C.I. and N.C.; writing—original draft, O.B.; writing—review and editing, C.I. and
N.C.

Funding: This study was developed through an agreement on the ecological status of the low Ebro River and its
estuary between IRTA (“Institut de Recerca i Tecnologia Agroalimentàries”) and ACA (“Agència Catalana de
l’Aigua”), which acted as financial supporter.

Acknowledgments: We wish to thank “Confederación Hidrográfica del Ebro” for providing their flow records,
Antoni Curcó for its guidance on bird data and Carles Alcaraz, Núria Vila-Martínez, David Mateu and Lluis Jornet

117



Water 2019, 11, 918

for the fieldwork conducted. The authors also acknowledge support from the CERCA Programme/Generalitat
de Catalunya.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. McLusky, D.S. Estuarine benthic ecology: A European perspective. Aust. Ecol. 1999, 24, 302–311. [CrossRef]
2. Peirson, W.; Bishop, K.; Van Senden, D.; Horton, P.; Adamantidis, C. Environmental Water Requirements to

Maintain Estuarine Processes; Environment Australia: Canberra, Australia, 2002.
3. Russell, M.J.; Montagna, P.A.; Kalke, R.D. The effect of freshwater inflow on net ecosystem metabolism in

Lavaca Bay, Texas. Estuar. Coast. Shelf Sci. 2006, 68, 231–244. [CrossRef]
4. Dauer, D.M.; Ranasinghe, J.A.; Weisberg, S.B. Relationships between benthic community condition, water

quality, sediment quality, nutrient loads, and land use patterns in Chesapeake Bay. Estuaries 2000, 23, 80–96.
[CrossRef]

5. Gasith, A.; Resh, V.H. Streams in Mediterranean climate regions: Abiotic influences and biotic responses to
predictable seasonal events. Annu. Rev. Ecol. Syst. 1999, 30, 51–81. [CrossRef]

6. Caiola, N.; Vargas, M.J.; de Sostoa, A. Feeding ecology of the endangered Valencia toothcarp, Valencia
hispanica (Actinopterygii: Valenciidae). Hydrobiologia 2001, 448, 97–105. [CrossRef]

7. Caiola, N.A.; Vargas, M.J.; de Sostoa, A. Life history pattern of the endangered Valencia toothcarp, Valencia
hispanica (Actinopterygii: Valenciidae) and its implications for conservation. Arch. Hydrobiol. 2001, 150,
473–489. [CrossRef]

8. Ferreira, T.; Oliveira, J.; Caiola, N.; De Sostoa, A.; Casals, F.; Cortes, R.; Economou, A.; Zogaris, S.;
Garcia-Jalon, D.; Ilhéu, M. Ecological traits of fish assemblages from Mediterranean Europe and their
responses to human disturbance. Fish. Manag. Ecol. 2007, 14, 473–481. [CrossRef]

9. Arthington, A.H.; Bhaduri, A.; Bunn, S.E.; Jackson, S.E.; Tharme, R.E.; Tickner, D.; Young, B.; Acreman, M.;
Baker, N.; Capon, S.; et al. The Brisbane Declaration and Global Action Agenda on Environmental Flows
(2018). Front. Environ. Sci. 2018, 6, 45. [CrossRef]

10. Brisbane Declaration. The Brisbane Declaration: Environmental flows are essential for freshwater ecosystem
health and human well-being. In Proceedings of the 10th International River Symposium, Brisbane, Australia,
3–6 September 2007.

11. European Commission. A Blueprint to Safeguard Europe’s Water Resources; European Commission: Brussels,
Belgium, 2012.

12. European Commission. Ecological Flows in the Implementation of the Water Framework Directive. Guidance
Document No. 31; European Commission: Brussels, Belgium, 2015.

13. Ormerod, S.J. Current issues with fish and fisheries: editor’s overview and introduction. J. Appl. Ecol. 2003,
40, 204–213. [CrossRef]

14. Schinegger, R.; Pucher, M.; Aschauer, C.; Schmutz, S. Configuration of multiple human stressors and their
impacts on fish assemblages in Alpine river basins of Austria. Sci. Total Environ. 2018, 616, 17–28. [CrossRef]
[PubMed]

15. Sostoa, A.D.; Caiola, N.; Casals, F.; García-Berthou, E.; Alcaraz Cazorla, C.; Benejam Vidal, L.;
Maceda-Veiga, A.; Solà, C.; Munné, A. Ajust de L’índex d’Integritat Biòtica (IBICAT) Basat en L’ús Dels
Peixos Com a Indicadors de La Qualitat Ambiental Als Rius de Catalunya; Generalitat de Catalunya: Barcelona,
Spain, 2010.

16. Segurado, P.; Caiola, N.; Pont, D.; Oliveira, J.M.; Delaigue, O.; Ferreira, M.T. Comparability of fish-based
ecological quality assessments for geographically distinct Iberian regions. Sci. Total Environ. 2014, 476,
785–794. [CrossRef] [PubMed]

17. Caiola, N.; Ibáñez, C.; Verdú, J.; Munné, A. Effects of flow regulation on the establishment of alien fish
species: A community structure approach to biological validation of environmental flows. Ecol. Indic. 2014,
45, 598–604. [CrossRef]

118



Water 2019, 11, 918

18. Belmar, O.; Vila-Martínez, N.; Ibáñez, C.; Caiola, N. Linking fish-based biological indicators with hydrological
dynamics in a Mediterranean river: Relevance for environmental flow regimes. Ecol. Indic. 2018, 95, 492–501.
[CrossRef]

19. Pont, D.; Hugueny, B.; Beier, U.; Goffaux, D.; Melcher, A.; Noble, R.; Rogers, C.; Roset, N.; Schmutz, S.
Assessing river biotic condition at a continental scale: A European approach using functional metrics and
fish assemblages. J. Appl. Ecol. 2006, 43, 70–80. [CrossRef]

20. Pont, D.; Hugueny, B.; Rogers, C. Development of a fish-based index for the assessment of river health in
Europe: The European Fish Index. Fish. Manag. Ecol. 2007, 14, 427–439. [CrossRef]

21. Renöfält, B.M.; Jansson, R.; Nilsson, C. Effects of hydropower generation and opportunities for environmental
flow management in Swedish riverine ecosystems. Freshw. Biol. 2010, 55, 49–67. [CrossRef]

22. Ibáñez, C.; Prat, N. The environmental impact of the Spanish national hydrological plan on the lower Ebro
river and delta. Int. J. Water Resour. Dev. 2003, 19, 485–500. [CrossRef]

23. MAM. Real Decreto 907/2007, de 6 de julio, por el que se aprueba el Reglamento de la Planificación
Hidrológica. In Boletín Oficial del Estado; Ministerio de Medio Ambiente: Madrid, Spain, 2007; Volume 162,
pp. 1–53.

24. MARM. Orden ARM 2656/2008, de 10 de septiembre, por la que se aprueba la Instrucción de Planificación
Hidrológica. In Boletín Oficial del Estado; Ministerio de Medio Ambiente, y Medio Rural y Marino: Madrid,
Spain, 2008; Volume 229, pp. 38472–38582.

25. CSTE. Revisió i Actualització de la Proposta de Règim de Cabals Ecològics al Tram Final del Riu Ebre, Delta i Estuari;
CSTE, Generalitat de Catalunya: Barcelona, Spain, 2015.

26. Livingston, R.J.; Diaz, R.J.; White, D.C. Field Validation of Laboratory-Derived Multispecies Aquatic Test Systems;
United States Environmental Protection Agency, Office of Research and Development, Environmental
Research Laboratory: Gulf Breeze, FL, USA, 1985.

27. Belmar, O.; Bruno, D.; Martínez-Capel, F.; Barquín, J.; Velasco, J. Effects of flow regime alteration on fluvial
habitats and riparian quality in a semiarid Mediterranean basin. Ecol. Indic. 2013, 30, 52–64. [CrossRef]

28. Feyrer, F.; Healey, M.P. Fish community structure and environmental correlates in the highly altered southern
Sacramento-San Joaquin Delta. Environ. Biol. Fish. 2003, 66, 123–132. [CrossRef]

29. Costa, M.J.; Vasconcelos, R.; Costa, J.L.; Cabral, H.N. River flow influence on the fish community of the Tagus
estuary (Portugal). Hydrobiologia 2007, 587, 113–123. [CrossRef]

30. Lloret, J.; Palomera, I.; Salat, J.; Sole, I. Impact of freshwater input and wind on landings of anchovy
(Engraulis encrasicolus) and sardine (Sardina pilchardus) in shelf waters surrounding the Ebre (Ebro) River
delta (north-western Mediterranean). Fish. Oceanogr. 2004, 13, 102–110. [CrossRef]

31. Caddy, J.; Bakun, A. A tentative classification of coastal marine ecosystems based on dominant processes of
nutrient supply. Ocean. Coast. Manag. 1994, 23, 201–211. [CrossRef]

32. Deegan, L.A.; Day, J.W.; Gosselink, J.G.; Yáñez-Arancibia, A.; Chávez, G.S.; Sánchez-Gil, P. Relationships
among physical characteristics, vegetation distribution and fisheries yield in Gulf Mexico estuaries.
In Estuarine Variability; Wolfe, D.A., Ed.; Academic Press: Cambridge, MA, USA, 1986; pp. 83–100.

33. Loneragan, N.R. River flows and estuarine ecosystems: Implications for coastal fisheries from a review and a
case study of the Logan River, southeast Queensland. Aust. J. Ecol. 1999, 24, 431–440. [CrossRef]

34. Royan, A.; Hannah, D.M.; Reynolds, S.J.; Noble, D.G.; Sadler, J.P. River birds’ response to hydrological
extremes: New vulnerability index and conservation implications. Biol. Conserv. 2014, 177, 64–73. [CrossRef]

35. Colomé, J.V.F.; Sancho, J.C.; Comín, F.A. Los medios acuáticos del Delta del Ebro y su capacidad de producción.
Rev. Obras Publ. 1997, 3368, 67–71.

36. Day, J.W., Jr.; Maltby, E.; Ibáñez, C. River basin management and delta sustainability: A commentary on the
Ebro Delta and the Spanish National Hydrological Plan. Ecol. Eng. 2006, 26, 85–99. [CrossRef]

37. European Parlament. Directive 2009/147/EC of the European Parliament and of the Council of 30 November
2009 on the conservation of wild birds. Off. J. Eur. Union 2010, 20, 7–25.

38. Ibáñez, C.; Prat, N.; Canicio, A.; Curcó, A. El delta del Ebro: Un Sistema Amenazado; Bakeaz: Bilbao, Spain,
1999.

39. Ibáñez, C.; Alcaraz, C.; Caiola, N.; Rovira, A.; Trobajo, R.; Alonso, M.; Duran, C.; Jiménez, P.J.; Munné, A.;
Prat, N. Regime shift from phytoplankton to macrophyte dominance in a large river: Top-down versus
bottom-up effects. Sci. Total Environ. 2012, 416, 314–322. [CrossRef]

119



Water 2019, 11, 918

40. Nebra, A.; Caiola, N.; Ibáñez, C. Community structure of benthic macroinvertebrates inhabiting a highly
stratified Mediterranean estuary. Sci. Mar. 2011, 75, 577–584.

41. CEN. Water Quality—Sampling of Fish with Electricity. European Standard EN; CEN: Brussels, Belgium, 2003.
42. McArdle, B.H.; Anderson, M.J. Fitting multivariate models to community data: A comment on distance-based

redundancy analysis. Ecology 2001, 82, 290–297. [CrossRef]
43. Venables, W.; Ripley, B. Random and mixed effects. In Modern Applied Statistics with S; Springer: Berlin,

Germany, 2002; pp. 271–300.
44. Box, G.E.; Jenkins, G.M. Time Series Analysis: Forecasting and Control; Holden-Day: San Francisco, CA,

USA, 1976.
45. R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2017.
46. Livingston, R.J. Field sampling in estuaries: The relationship of scale to variability. Estuaries 1987, 10, 194–207.

[CrossRef]
47. Poff, N.L. Beyond the natural flow regime? Broadening the hydro-ecological foundation to meet environmental

flows challenges in a non-stationary world. Freshw. Biol. 2018, 63, 1011–1021. [CrossRef]
48. Ibáñez, C.; Caiola, N.; Rovira, A.; Real, M. Monitoring the effects of floods on submerged macrophytes in a

large river. Sci. Total Environ. 2012, 440, 132–139. [CrossRef]
49. Power, M.E.; Dietrich, W.E.; Finlay, J.C. Dams and downstream aquatic biodiversity: Potential food web

consequences of hydrologic and geomorphic change. Environ. Manag. 1996, 20, 887–895. [CrossRef]
50. SEO/BirdLife. Guía de Aves. Available online: https://www.seo.org/listado-aves/ (accessed on 29 April 2019).
51. Vilches, A.; Arizaga, J.; Salvo, I.; Miranda, R. An experimental evaluation of the influence of water depth and

bottom color on the common kingfisher’s foraging performance. Behav. Process. 2013, 98, 25–30. [CrossRef]
52. Margalef, R. Introduction to the Mediterranean. In Key Environments: Western Mediterranean; Pergamon Press:

Oxford, UK, 1985.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

120



water

Article

A Comment on Chinese Policies to Avoid Negative
Impacts on River Ecosystems by Hydropower Projects

Miao Wu 1, Ang Chen 2, Xingnan Zhang 1,3,4,* and Michael E. McClain 5,6

1 College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China; 3water@hhu.edu.cn
2 Yangtze Ecology and Environment Co., Ltd., Wuhan 430062, China; angteenchen@gmail.com
3 National Cooperative Innovation Center for Water Safety & Hydro-Science, Hohai University,

Nanjing 210098, China
4 National Engineering Research Center of Water Resources Efficient Utilization and Engineering Safety,

Hohai University, Nanjing 210098, China
5 Department of Water Resources and Ecosystems, IHE Delft Institute for Water Education, 2611AX Delft,

The Netherlands; m.mcclain@un-ihe.org
6 Faculty of Civil Engineering and Geosciences, Delft University of Technology, 2628CN Delft,

The Netherlands
* Correspondence: xingnan.zhang@outlook.com or zxn@hhu.edu.cn

Received: 24 February 2020; Accepted: 18 March 2020; Published: 20 March 2020

Abstract: The rapid economic development of river basins depends on the excessive use of
water resources. China experienced a rapid development of hydropower projects in the last
two decades and thus faces many ecological and environmental issues, especially in ecologically
sensitive areas. Environmental flow is an important management tool that requires attention in
the environmental impact assessment of hydropower projects. Environmental flows are of great
significance for maintaining river structures and protecting the health of both aquatic ecosystems
and human sustainable livelihoods. Although the government authorities have done much work
in this area and attempted to consider technical requirements to address the negative externalities
of hydropower projects, there are still defects in the basic procedures, calculation methods, and
ultimately implementation process from policy to operationalization in terms of environmental
flows. The official standards for environmental flows assessment mainly appear in two documents: 1.
specification for calculation of environmental flow in rivers and lakes; and 2. code for calculation
ecological flow of hydropower projects. This paper reviewed the overarching framework of the two
documents and then summarized their fitness in terms of environmental flows implementation in
hydropower projects. The research status of environmental flows and future directions for China
were also proposed in this paper.

Keywords: environmental flows; ecological flow; China; hydropower; river ecosystem

1. Introduction

Hydropower in China has been developing rapidly for the past 20 years and the government
encourages the development and utilization of renewable energy. Nearly one hundred thousand of
multi-objective dams have been constructed, hydropower stations account for a half [1,2]. Hydropower
stations are supposed to protect the ecosystems by clean electricity production and take into account the
requirements of flood control, water supply, irrigation, shipping and fisheries [3]. The unguaranteed
inflow is the direct cause of the insufficient ecological flow of some rivers and lakes [4]. Over-exploitation
of water resources has brought serious threats to the ecosystem, such as the hydropower project has
greatly changed river flow regimes [5–7]. To prevent more human disturbance from harming the
ecosystem, the government of China (GoC) has made great efforts to promote ecological sustainability [8].
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Unnatural flow alternations negatively influence ecosystems [9–11]. Since 2006, GoC has issued
many relevant guidelines or standards to promote the sustainable development of water resources
(Table 1). In these guidelines, the purpose of river environmental base flow is to prevent the river flow
from being cut off and to avoid minimum flows that might cause irreversible damage of river aquatic
communities. Water conservancy projects and hydropower projects are required to take measures
to protect the environmental base flow both in the construction and operation period [12,13]. It is
clear that most of the key disturbances in the flow state come from in-stream water works, which are
designed to store water during the rainy season and transfer it downstream as needed. Maintaining the
environmental flows as designed is an effective way to protect river ecosystems [14]. The environmental
flows management of dammed rivers in China can be implemented in accordance with relevant official
guidelines to ensure the health of the ecosystem.

Table 1. Typical guidelines for environmental flows issued by Chinese authorities.

Issuing Authority Guideline Related Content

State Environmental
Protection

Administration

Technical guide for environmental impact
assessment of river ecological flow, cold

water, and fish passage facilities for water
conservation construction projects (trial)

EIA Letter (2006) No.4

The lower limit of the ecological base flow
should not be less than 10% of the average

annual natural runoff.

Ministry of Water
Resources

Guidelines for assessment of rivers and
lakes eco-water demands (SL/Z 479-2010)

Ecological base flow generally takes the
minimum monthly average flow of 90% of the

control nodes; the minimum ecosystems
water demand in the river, and the average

annual runoff of the control nodes in the north
is generally 10–20%, 20–30% in the south.

Ministry of Water
Resources

Technical specification for the analysis of
supply and demand balance of water

resources (SL 429-2008)

The eco-hydrological elements of water
project planning and design should consider

the ecological base flow and sensitive
ecological water demand at the river basin

scale, river corridor scale and river scale, and
further standardize.

Due to the significant regional differences in climate and geography in China, how to determine
the environmental flows in a logical process is challenging for water managers. It is imperative
that environmental flows be quantified and implemented. Considerable research has been done
on the definition of environmental flows in China, the development of calculation methods, and
implementation of environmental flows, including the selection of indicators for monitoring [15–18].
Given this level of research, no specific provisions on environmental flows have been formulated [3].
Where they do appear, environmental flows are grouped with other demands and given unclear
priority. For example, the new “Water Law of the People’s Republic of China” promulgated in 2016
states that “the development and utilization of water resources should first meet the requirements of
urban and rural residents, and take into account the needs of agriculture, industry, ecosystems and
shipping”. In the development and utilization of water resources in semi-arid areas, the ecosystems
needs be fully considered [6]. In the related norms, there are some recommend methods to calculate
environmental flows. Previous studies [19,20] have conducted research into the advantages and
disadvantages of environmental flows calculation methods and applicable conditions for a specific area
or region. In order to maximize the use of environmental flows calculation specifications, it is time to
comprehensively sort out GoC’s calculation of environmental flows, analyzing the relevant normative
standards, the environmental flows calculation principles and recommended methods proposed in
the different normative guidelines. In the rest of this comment, we review the related policies on
environmental flows release from hydropower projects in China and summarize the defects in the
current policy. This provides not only effective suggestions for environmental flows research, but also
some empirical reference for environmental flows practices.
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2. Description of the Two Standards for Development of Water Use Projects

There are two main standards for development of water use projects for the environmental flows,
the 2015 “Specification for calculation of environmental flow in rivers and lakes” (SERL) [21] which
applies in all water conservancy projects and the 2017 “Code for calculation of ecological flow of
hydropower projects” (CEHP) [22] which applies specifically to hydropower projects. They are the two
latest and important specifications of GoC on the principles and calculation methods of environmental
flows. The standards are state-of-the art in requiring that flows be set to protect a broad range of
ecological processes, including migrations, spawning, and other habitat requirements. In general, SERL
is the reference basis for CEHP, and CEHP is a sector-specific (hydropower) analysis of environmental
flow calculations for rivers. Therefore, in the actual operation process, the manager must make the
discharge flow meet the requirements of SERL, and also meet the specific regulations in CEHP.

About the compilation process of preparing the standards, on the basis of in-depth research,
the compiler summarized the practical experience of relevant environmental flows calculations,
incorporated the scientific and technological achievements of relevant research, and solicited opinions
from relevant design units and scientific research experts. Although they are both standards for
development of water use projects of the People’s Republic of China for the calculation of environmental
flows, they also have many differences (Table 2). The two standards come from different government
authorities and the objects are different. Additionally, there are differences in the objectives and
purposes of their implementation, but they do not exist independently. From the point of view of the
title, SERL covers a wider range and content than CEHP.

Table 2. Comparison of the two standards for development of water use projects for calculating
environmental flows in China.

Guideline SERL CEHP

Issued authority Ministry of Water Resources of the People’s
Republic of China National Energy Administration of China

Purpose

Technical requirements, basic procedures and
calculation methods for regulating the

ecosystems of rivers and lakes in order to protect
and restore the ecosystems of rivers and lakes

In order to standardize the conditions,
contents and methods for calculating the
ecological flow of hydropower projects 1,
and to unify the technical requirements,

this specification is formulated.

Object

It is applicable to the ecosystems water demand
calculation and water project 2 planning, design

and management of water environment
integration and professional planning for
watershed and regional ecosystems water

demand calculation

It is suitable for the analysis and
calculation of ecological flow of

hydropower projects 1.

1 Hydropower projects: the first main use is hydropower generation. 2 Water conservancy projects: the first main
use is not hydropower generation.

3. Comparison Analysis of the Two Standards for Development of Water Use Projects

3.1. Basic Principles

The SERL stipulates that environmental flows should be considered at a river basin scale and
not only for individual river reaches. On the basis of water resources development, environmental
protection and social and economic development, the environmental flows can be determined
scientifically and reasonably [23–25]. The environmental flow method selected by the manager depends
on the ecological conditions and data availability in the downstream, such as the rare species, spawning
area, wetland or historic landscape existed in the downstream. These requirements also apply to
CEHP. It is worth noting that CEHP emphasizes the consideration of river fish resources, water
quality deterioration, saltwater intrusion, algal blooms and other ecological and environmental issues,
but also needs to consider the downstream of hydropower projects construction and operation.
Eco-environmental problems are also to be considered, such as changes in hydrological conditions
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in the river section, insufficient water supply to connected wetlands, and weakened aquatic habitats.
From the basic principle, the two standards are similar, but the impact of the operation of water
development projects is emphasized in CEHP.

3.2. Components and Definition of Terms

Environmental flows in rivers and lakes, in-stream environmental flow, off-stream environmental
flow, in-stream fundamental environmental flow, in-stream targeted environmental flow are defined in
the SERL. In CEHP, ecological flow, aquatic ecological flow needs, aquatic ecological base flow, riparian
wetland flow needs, environment flow needs, scenery flow needs, estuary ecological flow needs and
in-stream groundwater recharge needs are defined (Table 3). In terms of components, the names of the
definitions are inconsistent (Table 4), but the purpose is to protect the river ecosystem in a healthy
condition. Additionally, in order to facilitate management, both guidelines divide the environmental
flows into two parts, which are basic (fundamental/base) flow and target flow. Considering the scope of
application, the environmental flows are divided into two categories that are in-stream environmental
flows and off-stream environmental flows. Through the analysis of the definitions of each term in the
two standards for development of water use projects, we refer to the subject discussed in this paper as
environmental flows that is the in-stream environmental flows impacted by the hydropower projects.

Table 3. The comparison of application of the two standards for development of water use projects.

Category SERL CEHP

In-stream environmental flow River, Lake, Swamp River, Riparian wetland, Scenery,
Estuary, In-stream groundwater,

Off-stream environmental flow

Urban green space
Urban sanitation

Ecological grassland
Rivers, lakes and marshes

replenish water

Riparian wetland, Scenery, Estuary

Table 4. Comparison of key terms definitions of the two standards for development of water use projects.

Guideline Main Terms Definition

SERL

In-stream environmental flow In order to maintain the ecological and environmental
protection goals of rivers, lakes and marshes.

In-stream fundamental
environmental flow The minimum amount of water in the river.

In-stream targeted
environmental flow

The amount of water retained in the river to maintain the
ecological and environmental functions.

Off-stream environmental flow Artificial water supply in order to achieve certain
ecological goals.

CEHP
Ecological flow In order to ensure the flow for ecosystem in the

downstream reach of hydropower project.

Aquatic ecological flow needs
Suitable flow to guarantee the basic stability of the aquatic

ecosystem in the downstream sections of hydropower
projects.

Aquatic ecological base flow Minimum flow to guarantee the basic quality of aquatic
habitat in the downstream sections of hydropower projects.

3.3. Analysis of the Calculation Process

The two documents both summarize the assessment of environmental flows into several similar
and effective steps. The first step is to collect the basic data of the river. The second step is to determine
the ecological objectives (sensitive ecosystems protection objectives: nature reserves, important
wetlands, natural forests, rare and endangered wildlife nature reserves, natural spawning grounds,
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etc.). The third step is to analyze and calculate the environmental flows by different methods. The fourth
step is the comprehensive analysis of environmental flows in the specific river.

In the CEHP, there is a clear formulation to calculate the environmental flows, as follows:

Qst(t) = Max(Qss(t), Qsh(t), Qjg(t), Qhk(t)) + Qhl(t) + Qdx(t) (1)

where

Qst(t) is the environmental flows (m3/s);
Qss(t) is the aquatic ecological flow needs (m3/s);
Qsh(t) is the environmental flow (m3/s) which is considered by the water quality and water
environmental functions (shipping);
Qjg(t) is the water required for landscape and ecology (m3/s);
Qhk(t) is the estuary environmental flow needs (m3/s); dx
Qhl(t) is the river riparian wetland flow needs (m3/s);
Qdx(t) is the in-stream groundwater recharge needs (m3/s).

In the SERL, there is no deterministic equation to calculate the environmental flows. A framework
is explicitly presented to guide managers on how to determine the environmental flows (Figure 1).
Because the calculation of environmental flows is a complicated process, various factors need be
considered at the same time. Thus, this frame diagram has a certain reference, but its operability is
not strong.

 
Figure 1. Framework for determining the in-stream environmental flows in SERL.

3.4. Recommended Methods

The environmental flows calculations we discuss here, according to the analysis, correspond to
the in-stream environmental flows and aquatic ecological flow needs in the two standards (may vary
due to different definitions of terms). Both standards mention that in the stage of method selection,
it is necessary to choose the appropriate method according to different objects. Although many

125



Water 2020, 12, 869

types of methods are recommended in the standards, there is no specific explanation on the methods
selection principle (Table 5). In the process of how to determine the eco-environmental protection
objectives, SERL mentions that the protection objectives should be reasonably determined according
to the development and utilization of water resources in the basin. In CEHP, it is mentioned that
the eco-environmental protection objectives should be reasonably determined by the downstream
hydrological conditions and the aquatic ecology. Obviously, there are significant differences between
the two standards in determining the protection objectives. CEHP is more specific on hydropower
protection objectives and the SERL is broader to cover all rivers and lakes.

Table 5. Recommended methods of the two standards for development of water use projects.

Guideline Objects Methods

SERL
In-stream fundamental

environmental flow

Qp 1, 7Q10, The most dry month method (MDM) 2, Flow
duration curve method, Tennant, Frequency curve method,
Wetted perimeter method, Habitat analysis method, River

bed morphology analysis method.
In-stream targeted

environmental flow Tennant, Frequency curve method, Habitat analysis method.

CEHP
Aquatic ecological flow needs Wetted perimeter method, R2-CROSS method, Eco-hydraulic

method, Habitat analysis method, Tennant, 7Q10.

Aquatic ecological base flow Wetted perimeter method, R2-CROSS method,
Eco-hydraulic method, Tennant, 7Q10.

1 Qp: This method uses different flow percentile (It depends on the water manager) as the result. 2 MDM: This
method uses the driest month flow as the corresponding month result.

Additionally, during the calculating process, there are many differences in the two documents.
In the SERL, the in-stream environmental flows include the in-stream fundamental environmental
flow and the in-stream targeted environmental flow. The in-stream fundamental environmental flow
needs to be fully assessed by the minimum value, the values during different time periods of the
year and the annual value. Among them, the minimum value and the annual value are calculated by
the hydrological methods, and the hydraulic method and the wet perimeter method can be selected
under the conditions of sufficient data during different periods of the year. The in-stream targeted
environmental flow is to maintain the water demand requirement at the normal level according to the
ecosystems function corresponding to the protection target. Then, the in-stream targeted environmental
flow will be calculated in different periods and as an annual value. For more accurate and reasonable
results, the SERL recommends that managers could use a variety of methods to compare the results
and analysis to determine in-stream environmental flow.

It is mentioned in CEHP that the calculation of aquatic ecological flow needs to consider the
hydrological characteristics and aquatic ecological protection objectives. This requirement is basically
the same as in SERL. It is clearly stated in CEHP that when there is no important fish spawning area
in the downstream, the aquatic ecological base flow should be analyzed and calculated. When there
are important fish spawning fields, it is necessary to analyze and calculate the hydrological processes
required for the aquatic ecological base flow and fish breeding period. The hydraulics, ecological
hydraulics, and hydrology methods are recommended for the calculation of aquatic ecological base
flow. The aquatic ecological flow needs for the fish breeding period can be calculated by the habitat
analysis method. Additionally, the standard requires that at least two methods be used to calculate
the aquatic ecological base flow and then based on the experts to choose a better one. During the fish
breeding period, the requirements of different fish should be all considered, the specific hydrological
process should be calculated separately, and the maximum should be taken as the result. Finally, the
water manager should consider the recommended environmental flows threshold (Table 6), according
to the size of the river area, the climatic conditions of the geographical location and the current water
resources of the river to determine the final environmental flows.
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Table 6. Recommended environmental flows thresholds 1 for different rivers in China.

River Type
High Medium Low

Base Flow Suitable Flow Base Flow Suitable Flow Base Flow Suitable Flow

L 2 Nor 5 10–20 40–50 15–25 45–55 ≥25 ≥60
Sou 6 20–30 65–80 25–35 70–80 ≥35 ≥80

M 3 Nor 5 10–15 40–50 10–25 40–55 ≥25 ≥55
Sou 6 15–30 60–70 20–35 65–75 ≥35 ≥75

S 4 Nor 5 5–10 40–45 10–20 40–50 ≥20 ≥50
Sou 6 15–25 50–60 20–30 55–65 ≥30 ≥65

1 Environmental flow threshold = environmental flows/Surface available water resources × 100%. 2 L means large
river (area > 100,000 km2). 3 M means medium river (10,000 km2 < area < 100,000 km2). 4 S means small river (3000
km2 < area < 10,000 km2). 5 Nor means northern of China. 6 Sou means southern of China.

4. Weaknesses and Recommendations

Our examination of the two overarching standards governing environmental flows in China
included comparisons of term definitions, calculation processes and calculation methods. Our findings
of deficiencies in the two standards summarized below and can provide suggestions for water
resources managers.

1. Because the standards come from two different authorities, the definition of related terms is not
clear. This may lead to misunderstandings during implementation. Water managers may have
errors in textual understanding when using the standards. More seriously, due to differences in
understanding, there may be increased misunderstandings between stakeholders.

2. In the process of data collection, both standards mention the collection of watershed hydrology,
river topography, aquatic ecology, relevant planning and research results. Although the process
of evaluating environmental flows in the standards is scientific, it is difficult to evaluate and
implement environmental flows according to the requirements of the standards considering the
actual situation.

3. Both standards classify environmental flows into base environmental flows (minimum flows) and
targeted environmental flows (variable environmental flows). The purpose of this consideration is
to rationally use water resources and then create economic value under the premise of protecting
ecosystems. How to trade-off the relationship between environment value and the economic
value? There is no operational suggestion for water manager.

4. In the specific calculation process, both standards recommend a variety of calculation methods.
The standard also clarifies how to choose the method for base environmental flow and targeted
environmental flow. However, most of the methods are hydrological methods, and the results of
hydrological calculations often lack consideration of ecological processes. Additionally, most of
the rivers lack sufficient data, which can impede the implementation of environmental flows.

5. In the ecological process, both standards recommend habitat analysis methods and consider the
relationship between hydrological-ecological responses. However, in the actual process, only
the large watersheds in China currently have relevant ecological data, which brings difficulties
to river managers. In CEHP, it is recommended that water managers consider the hydrological
process of different fish breeding seasons. Due to the difficulty of data collection and long cycle
monitoring, this is not feasible in practical work.

6. During the process of verifying the rationality of the results, both standards emphasize the need
to use multiple methods for calculations and comparison of results to determine a reasonable
hydrological process. This is positive but undoubtedly increases the cost of river management.

7. A reasonable range of parameters is given in the two standards, except for habitat analysis
methods. Because habitat analysis methods are always based on a rigorous aquatic ecology
survey and expert advice, a reasonable range of habitat parameters can be determined. Due to the
many remaining problems in the history of watershed management, the habitat analysis method
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is not available in most rivers in China. Moreover, much upfront capital investment is needed
which cannot be used in medium or small river.

8. The unknown long-term change of climate and hydrological conditions will bring unpredictable
impacts on the ecosystem, such as the invasion of non-native species caused by the change of
environmental conditions (rainfall and temperature under changing conditions) that lead to
the failure of traditional calculation methods (provided in the two standards) in practical water
resources management.

9. Most of the environmental flow calculation methods recommended in the two standards are from
foreign countries, and the portability and preconditons for some of them needs further research.

5. Conclusions

Hydropower development has brought huge economic benefits, but the complex water resources
and intensive human activities have led to serious ecological and environmental problems. [2]. This also
urges GoC to resolve to do some necessary remedial work, such as issuing relevant policies and
encouraging relevant research. In China, some rivers have a high degree of development and utilization,
and a large amount of economic and social water use. Environmental flows is one of the important
management tools to maintain the ecological function of rivers and control the intensity of water
resources development [26]. Strengthening the management of river and lake environmental flows is
related to the overall situation of water security and realizing China’s goal of an ecological civilization.
Based on rich experience on environmental flows around the world [27–29], how to minimize the bad
influence on the ecosystem becomes more important in the sustainable world. In this study, based on
the GoC issued for the environmental flows policy to do a systematic analysis.

The two major standards for development of water use projects (SERL and CEHP) were developed
in the context of the national strategy for protecting the ecosystems (ecological civilization) in order to
alleviate the pressure of human activities on river ecosystems in China. They all have strict scientific
logic and consider all aspects of the factors. However, as the units set up are different administrative
authorities, there are certain deviations in the interpretation and implementation of different managers.
Our assessment identified defects in the current guidelines and standards. At present, there are
no unified provisions on the concept, connotation and evaluation index of environmental flows in
the aspects of laws, regulations, policy systems and planning standards. It leads to confusion in
the formulation and management of relevant policies and also has a great impact on the public’s
understanding and implementation of environmental flows. Therefore, unreasonable environmental
flow calculations may seriously affect the sustainable development of the ecosystem [30].

Weakness with SERL and CEHP need to be addressed in several ways. Aim at the defects
of the basic concepts and recommend calculation methods in standards. First of all, government
needs to encourage research institutions to conduct systematic research on the theoretical problems of
environmental flows and promote the development of China’s environmental flow research technology
to the direction of methodology. Let each industry standardize the basic concept of environmental
flows. As for the calculation method, the original method introduced from abroad should be changed.
Researchers are encouraged to discriminate between methods, assess their applicability and choose
the most appropriate method. Most of the previous [31–33] studies have carried out environmental
flow calculations for specific projects. How to reduce the uncertainty and improve the rationality and
accuracy of the evaluation results is worth further discussion.

The evaluation and implementation of environmental flows is a complex problem that needs to
consider not only the rationality of scientific research, but also the feasibility of engineering [9,34]. As
it involves economic benefits, it also needs to consider social and economic benefits. In general, the
GoC needs to promote the establishment of a complete set of standards for development of water use
projects system, unified connotation and understanding. The relevant government authorities need to
establish sound policies to ensure the environmental flow of rivers and lakes in accordance with the
standards. Promoting the hierarchical management of river and lake environmental flows guarantees
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and clarifies the responsibilities of authorities at all levels for river and lake environmental flow
implementation. We should give priority to ensuring the environmental flow of rivers and lakes and
strengthen the unified allocation of water resources in river basins. For different rivers, the requirements
of environmental flows need to be considered in a targeted way and water resources need to be allocated
in a unified way according to local conditions. The research and implementation of environmental
flows in rivers and lakes is a complex and comprehensive work involving multiple authorities, fields
and links. Processes for stakeholder engagement should be established. The involvement of society at
large in decisions on water resources management is an inevitable consequence of social development,
and it is important that the general public be encouraged to participate in such decision-making
processes. Eco-environmental impact assessments of hydropower projects are significant and should
be comprehensive and consider all of the short- and long-term benefits and drawbacks. Therefore, it
is urgent to study river environmental flows assessment frameworks and establish a set of general
assessment processes in order to achieve differentiated management for different rivers.
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Abstract: The study of fish habitats is important for us to better understand the impact of reservoir
construction on river ecosystems. Many habitat models have been developed in the past few
decades. In this study, a fuzzy logic-based habitat model, which couples fuzzy inference system,
two-dimensional laterally averaged hydrodynamic model, and two-dimensional shallow water
hydrodynamic model, is proposed to identify the baseline condition of suitable habitat for fish
spawning activities. The proposed model considers the reservoir and the downstream river channel,
and explores the comprehensive effects of water temperature, velocity, and water depth on habitat
suitability. A real-world case that considers the Ctenopharyngodon idella in the Xuanwei Reservoir of
Qingshui River is studied to investigate the effect of in- and outflow of reservoir on fish habitat and the
best integrative management measure of the model. There were 64 simulations with different reservoir
in- and outflows employed to calculate the weighted usable area and hydraulic habitat suitability.
The experimental results show that the ecological flow for Ctenopharyngodon idella spawning can
satisfy the basic demand when the reservoir inflow is greater than 60 m3/s and the reservoir outflow
is greater than 100 m3/s. The habitat ecological suitability is the best when the reservoir outflow is
120 m3/s. A more reasonable and reliable ecological flow range can be obtained based on the habitat
model in this paper, which provides the best scenario for water resources planning and management
in the Qingshui River Basin.

Keywords: water temperature; fuzzy logic; habitat model; spawning period; ecological flow

1. Introduction

Reservoirs play key roles in the social and economic development as a water conservancy project
that prevents or controls flood and regulates water flow [1], however, the construction of a reservoir
changes natural flow regimes of a river and has an impact on the river. These effects are mainly
manifested as follows: (1) blocking the migration path of fish to make it impossible to complete its
life history process, resulting in a decline in genetic diversity of fish populations [2]; (2) affecting
sediment transport, resulting in sedimentation at the bottom of the reservoir and river blockage [3];
(3) affecting nitrogen, phosphorus, and other substances migration, thereby inducing eutrophication [4];
(4) leading to a decrease in the temperature of the outflow during the spawning period of the fish
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which delays the breeding season, and thus affects the growth of the individual born in the current year.
Furthermore, the resulting discharge process changes the river characteristics and related fish habitats
quantity and quality [5]. As a result, reservoir construction may cause a decrease in the biological
abundance of fish species and even leads to the disappearance of some spawning grounds [6]. With
the rapid development of the economy, the problem of energy shortage is becoming more and more
serious. Hydropower is attracting more and more attention as a clean and sustainable energy source.
In recent years, more and more reservoirs have been built. According to statistics, more than 100,000
reservoirs have been built in China with more than 100,000 m3 of storage capacity [7,8]. Watershed
water resources management and planning and the development of rational flow plans also require
in-depth research and exploration.

Fish are a common indicator of aquatic habitat richness [9,10]. Their habitats include the waters
necessary to complete the entire life history process, such as spawning grounds, feeding grounds,
wintering grounds, and migratory passages connecting waters of different life stages [11,12]. Fish
habitats not only provide living space for fish, but also provide all environmental factors such as
water temperature, substrate, flow rate, pH value, and dissolved oxygen that satisfy the survival,
growth, and reproduction of fish. Fish habitats are mainly affected by the hydrological conditions of
the river, where flow and water temperature are one of the two main important factors affecting fish
spawning [13]. Thermal stratification is common in narrow channel reservoirs and greatly influences
the aquatic animal habitat environment [14]. It causes a significant difference between the reservoir
outflow temperature and the inflow temperature [15]. The hysteresis of the water temperature in
the downstream of the thermal stratification reservoir is affected to some extent by the discharge.
Meanwhile, the discharge of the reservoir also affects the flow velocity and water depth distribution of
the downstream river channel [16]. Therefore, it is necessary to predict the quality and quantity of fish
habitats by simulating the spatial and temporal distribution of various hydraulic factors such as water
temperature, velocity, and water depth in the reservoir and the downstream river. The development of
a rational watershed planning and management plan (develop a suitable ecological flow scenarios) is
significant for the survival, reproduction, and development of fish [17].

Recently, several classical approaches were used to estimate ecological flow, including
hydrologic [18], hydraulic [19], and a habitat suitability modeling approach [20]. The hydrological
approach determines ecological flow based on historical hydrological data, of which one representative
method is the Tennant method [21]. The hydraulic approach determines the ecological flow according
to the wetted perimeter of the cross section of the river [22]. Hydrological and hydraulic approaches
are favored because of their simplicity and ease of calculation, but both of them lack the biological
mechanisms and biological requirements. Fortunately, the habitat suitability modeling approach
combines the knowledge of hydraulics and biology to establish the relationship between habitat and
hydraulic factors [23]. It has certain advantages in the evaluation of ecological flow and has attracted
more and more researchers’ attention. The most classical habitat suitability modeling approach is
the instream flow incremental methodology (IFIM) and its physical habitat simulation component
(PHABSIM) [24], which includes the suitability of habitat target species to a series of hydraulic
factors such as flow velocity and water depth to build a habitat suitability index model. The habitat
suitability modeling approach provides the best range of hydraulic factors such as flow for habitat
target species, which has certain reference significance for guiding reservoir operation [25]. In past
decades, habitat suitability modeling approaches have been applied to rainbow trout Oncorhynchus
mykiss at the Colorado River [26], brown trout Salmo trutta at the Calore Irpino River [27], and Indian
Carp fish [28], which have successively assessed the relationship between habitat weighted usable
area and outflow. The computer aided simulation model for instream flow requirements (CASiMiR) is
a habitat simulation tool for aquatic organisms with a focus on fish and macroinvertebrates [29], which
uses a multivariate fuzzy logic approach to link abiotic attributes with habitat requirements of aquatic
species, resulting in a habitat suitability index (HSI) [29]. The fuzzy model considers the uncertainties of
habitat hydraulics variables and enables expressing nonlinear relationships between habitat hydraulic
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variables in a transparent manner [30]. It uses the three physical characteristics of rivers that allow
for the determination of the quality of habitats for fish species, i.e., velocity, water depth, and water
temperature [31]. Each parameter is classified by an overlapping membership function described by
a fuzzy language. Since the boundaries of two consecutive fuzzy sets are overlapping, an object may
partially belong to two consecutive fuzzy sets [32]. The expert knowledge is embedded in fuzzy if–then
rules to determine the relationship between these physical parameters and biological responses, and
to define fuzzy rules in combination. It uses language descriptions such as ”low”, ”moderate”, and
”high” for the quantification of hydraulics variables and combines the knowledge of aquatic ecology
experts to translate these descriptions into a data processing framework [33]. In recent years, fuzzy
models such as a fuzzy logic-based Spinibarbus hollandi habitat suitability model [34], data-driven fuzzy
habitat suitability models for brown trout [32], and a fuzzy habitat model based on Chinese sturgeon
(Acipenser sinensis) [35] have been used to calculate habitat ecological flow. In the same way, this
study uses fuzzy models to explore the effects of water temperature, velocity, water depth, and other
hydraulic factors on Ctenopharyngodon idella habitat. Through the simulation results of habitat suitable
ecological flow, the best flow management scenario suitable for the study area is given. The main
contributions of this study are as follows:

1. We consider the thermal stratification of reservoirs and analyze the important influence of the
hysteresis of the water temperature on the spawning of Ctenopharyngodon idella in habitats.

2. A fuzzy logic-based habitat suitability model is established to evaluate the influence of hydraulic
factors such as water temperature, velocity, and water depth on the suitability of a Ctenopharyngodon
idella habitat.

3. By simulating a variety of different reservoir inflow and outflow conditions, the functional
relationship between flow and habitat suitability is established, which provides the best
management plan for water resources planning and construction.

The remaining parts of this paper are arranged as follows: In Section 2, we introduce the study
area and target ecological species. In Section 3, we describe the construction of hydraulic habitat
suitability (HHS) for target ecological species, a method for evaluating the weighted usable area (WUA)
based on hydraulic simulation and the fuzzy logic-based habitat model. The results analysis and
discussion are presented in Section 4. Finally, in Section 5, we state our conclusion for this study.

2. Study Area and Species

2.1. Study Area

The Qingshui River, located in the upper reaches of the Yuanjiang River, belongs to the Yangtze
River system in China. It is located in the southeast of Guizhou Province and southwest of Hunan
Province, with a drainage area of 15,000 km2. Hills and mountainous regions compose most of the
Qingshui River Basin. The basin has abundant rainfall, warm climate, rich oil, and diverse types
of aquatic habitats. The Xuanwei reservoir is located in the upper reaches of the mainstream of the
Qingshui River, with a catchment area of 1337 km2. The design parameters of the reservoir include
a normal water level of 681 m, a dead water level of 657 m, a total storage capacity of 139.80 million
m3, and an average annual storage flow of 903.39 million m3. Among the fish in the study area,
the largest number of cypriniformes (34 species) accounted for 65.4% of the total number of fish species
by the scene investigation and sampling in the field, followed by 17.3% perciformes (9 species), 15.4%
siluriformes (8 species), and 1.9% synbranchiformes (1 species). There is a spawning ground from the
reservoir to the downstream river channel with a length of 3 km. The main fish species in the spawning
ground is Ctenopharyngodon idella which produces drifting eggs. The bottom of the riverbed is an open
rocky beach formed by pebbles and river sand. By considering the 3 km river channel downstream
of the reservoir as a study case, the influence of hydraulic factors on fish spawning is simulated and
analyzed. The location of the study area is shown in Figure 1.
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Figure 1. Study area.

2.2. Ctenopharyngodon idella (C. idella)

Ctenopharyngodon idella (C. idella) is a freshwater species native mainly to China. It plays an
important role in aquaculture, being the second highest in world fish production. C. idella, as a food
fish or as a biological controller of aquatic vegetation, has been introduced into more than 100 countries
in various continental regions, including East Asia, North America, and Europe [36]. The natural
reproduction of C. idella has certain demands for water temperature [37], landform, hydrology, and
hydrodynamic conditions, especially related to flow and water temperature. C. idella migrates from the
middle and lower reaches of the Qingshui River to the upstream for spawning and breeding during
the summer flood season. In the autumn, it swims to the deep waters of the lower reaches of the
Qingshui River for overwintering. Its spawning occurs during the flood period from mid-May to
mid-July each year when the water temperature reaches 18 ◦C. According to the survey data of C. idella
in the Qingshui River, it is most suitable for adult C. idella spawning when the water temperature is
between 21 ◦C and 24.5 ◦C, the velocity is between 0.3 m/s and 0.9 m/s, and the water depth is between
3 m and 7.5 m. This migratory fish is the target species of reservoir ecological scheduling because the
construction of the dam greatly threatens its survival. The ecological scheduling of such reservoirs
generally involves releasing a suitable flow for fish migration during the migratory period of the
fish and combining certain fish facilities to help the fish reach the spawning ground [38]. Therefore,
the natural reproduction of C. idella is required to incorporate the water environment requirements
of the spawning habitat into the reservoir scheduling objective. The construction of multi-objective
ecological scheduling is one of the ways to effectively protect the river’s important economic fish
species resources [39]. However, a key step in the implemention of a reservoir ecological scheduling
scenario that takes into account the conservation of rare aquatic organisms is to determine the ecological
water demand and to clarify the relationship between reservoir scheduling and the suitability of water
environment for protecting aquatic habitats.

Practical topographic data of the Xuanwei reservoir and the downstream river channel was
acquired from the Hydraulic Exploration Design Institute of the Guizhou Province. Meteorological
data such as temperature, relative humidity, wind speed, and cloudage come from the Duyun
meteorological station, since 1970. Hydraulic data such as reservoir inflow and water level are provided
by the Xiasi hydrological station. The C. idella information of the Qingshui River comes from the
sampling data of the past five years in the field. According to the data of the Duyun hydrological station
in the study area, the data of reservoir inflow and water temperature of typical years are obtained as
follows: wet year (75% guarantee rate of runoff), normal year (50% guarantee rate of runoff), and dry
year (25% guarantee rate of runoff). According to the inflow data of the reservoir, the annual large-scale
flow is mainly concentrated from mid-May to early-July. The highest water temperature in the year
occurred in August, and the lowest water temperature occurred in February. According to the survey,
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the spawning period of C. idella in the study area is mostly concentrated from mid-May to mid-July.
The suitable flow range and suitable water temperature range determine the spawning period of the
fish. The annual reservoir inflow rate and water temperature of the study area is shown in Figure 2.

Figure 2. A graph of annual reservoir inflow and water temperature in the study area.

C. idella has an important economic value and is the target species in the study area for this study.
On the basis of constructing the hydrodynamic mathematical model and habitat suitability evaluation
model of the spawning ground in the downstream of the Xuanwei Reservoir, the correlation between
the key indicators of reservoir scheduling and the suitability of C. idella spawning habitat have been
studied. The research results provide the basis for constructing reservoir ecological scheduling of
C. idella protection.

3. Methods

3.1. Model Framework

In this study, the C. idella in the study area was used as the target species to study the flow
and water temperature effects of C. idella during spawning. This study specifically analyzed the
following three main factors affecting the spawning of C. idella: velocity, water depth, and water
temperature. Two hydrodynamic models were used to simulate the hydraulic conditions of reservoir
and the downstream habitats of reservoir. MIKE21 simulated the spatial distribution of velocity and
water depth under different flows in the habitat. CE-QUAL-W2 simulated the water temperature
stratification of reservoirs under different inflows and outflows. The simulation results of velocity,
water depth, and water temperature were used to construct a fuzzy model [31,40] to comprehensively
analyze the effects of the three factors on C. idella spawning. The simulation results of the fuzzy
logic-based habitat suitability model were analyzed and evaluated by WUA and HHS, and the best
flow management scenario in the study area was finally obtained. The overall framework of the habitat
model is shown in Figure 3.
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Figure 3. A graph of habitat model framework.

3.2. Hydrodynamic Simulation

The hydrodynamic modeling was divided into two parts. The first part of the reservoir was
simulated by CE-QUAL-W2 model, which mainly explored the influence of water temperature change
caused by reservoir thermal stratification on downstream habitat. The second part of the downstream
channel was simulated by MIKE21 model, which mainly explored the velocity and water depth
distribution of the downstream habitat.

3.2.1. CE-QUAL-W2 Model

The CE-QUAL-W2 model is a two-dimensional (longitudinal/vertical) laterally averaged
hydrodynamic model for surface water systems [41]. The model is based on the assumption that
lateral homogeneity and the flow in a reservoir with a distinct flow direction can be computed from
the laterally integrated Navier–Stokes equation [42]. This is particularly suited for relatively long and
narrow water bodies exhibiting longitudinal and vertical water temperature gradients. The W2 model
was successfully applied to stratified water systems, including reservoirs, lakes, and estuaries.

On the basis of the Boussinesq assumption, the model integrates the homogeneous continuity
equation, the momentum equation, and the caloric equation of the three-dimensional turbulent buoyant
flow to obtain the equations of the two-dimensional laterally averaged temperature model as follows:
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where B is the river width, u is the longitudinal velocity, w is the vertical velocity, v is the coefficient
of kinematic viscosity, vt is the turbulent viscosity coefficient, ve = v + vt is the effective viscosity
coefficient, T is the water temperature, Ta is the reference temperature of water, ΔT = T − Ta, ρ is the
water density, ρa is the reference density of water, β is the coefficient of thermal expansion, and σT is
the Prandtl number of temperature.

The Xuanwei Reservoir was represented as 63 longitudinal segments with lengths of 250 m
and 48 vertical layers with thicknesses of 1 m according to the topographic data recorded in 2018.
The CE-QUAL-W2 turbulence closure algorithm was used. There is only one inflow entrance upstream
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of the mainstream and there are no other inflow entrances from the tributaries. The boundary data was
input with a daily resolution, including reservoir inflow and temperature, outflow, air temperature,
wind speed and direction, solar radiation, cloud cover, precipitation, and evaporation. Reservoir grid
model is shown in Figure 4.

Figure 4. Reservoir grid model.

3.2.2. MIKE21 Model

The fish habitat in the downstream of the Xuanwei Reservoir was simulated by MIKE21,
and the spatial distribution of velocity and water depth under different outflows was calculated.
The hydrodynamic module is based on the solution of two-dimensional shallow water equations
obtained from the Navier–Stokes equations, which are integrated over the water depth including the
depth and horizontal momentum equation of the flow just as follows [43]:

∂T
∂t

+
∂U
∂x

+
∂V
∂y

= S (5)

where t indicates the time; x and y are Cartesian coordinates; T, U, V, and S indicate vectors of the
conserved variables, fluxes in the x- and y-direction, and source terms, respectively.
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where h is the water depth; g = 9.81 m/s2 is the gravity acceleration; u and v is the depth-averaged
velocity components in the x-direction and y-direction, respectively; S0x and S0y are the bed slopes in
the x-direction and y-direction, respectively; Sfx and Sfy are the friction slopes in the x-direction and
y-direction, respectively.

Tests of numerical experiments and results of the practical applications showed that this model
can simulate the water flow movement over complex terrain accurately [44]. The MIKE21 model
was used to divide the downstream habitat of the Xuanwei Reservoir into 796 triangular grids, with
a maximum area of 523.49 m2 and a minimum area of 130.33 m2. The measured outflow time curve of
the reservoir was taken as the upper boundary of the model. The measured water level time curve
at 3 km from the reservoir was taken as the lower boundary of the model. The model simulated the
velocity and water depth distribution in the habitat under different outflows. Habitat grid model is
shown in Figure 5.

3.3. Fuzzy Logic-Based Habitat Modeling

Fuzzy logic can copy the judgment of the uncertainty concept and the way of reasoning thinking
of the human brain by using fuzzy sets and fuzzy rules [45,46]. Meanwhile, the model considers

139



Water 2019, 11, 2034

the inherent uncertainty of ecological variables and enables expressing nonlinear relations between
ecological variables in a transparent way [47,48]. Fuzzy species distribution models transform fuzzy
modeling into a technique suitable for species distribution modeling, which can reflect the specific
characteristics of ecological problems. This study was based on fuzzy inference for habitat suitability
(HS) simulation. The inference process consisted of three steps as follows: (1) fuzzification, in which
fuzzifier is used to convert crisp input to fuzzy set using membership functions; (2) fuzzy inference,
in which a fuzzy inference system is applied to convert fuzzy input sets to fuzzy output sets; and (3)
defuzzification, in which fuzzy output sets are converted to crisp output by a defuzzifier. The modeling
for the fuzzy inference process is shown in Figure 6.

Figure 5. Habitat grid model.

 

Figure 6. The modeling for the fuzzy inference process.
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3.3.1. Fuzzification and Defuzzification

(1) Fuzzification

In this study, for the habitat modeling, the membership functions of trapezoidal and triangular
shapes are used to convert crisp input values of velocity, water depth, and water temperature lag
time to fuzzy sets expressed by one or more linguistic values with membership degrees. Fuzzy sets
are usually expressed by linguistic description such as ”very low”, ”low”, ”high”, and ”very high”.
The membership functions of the fuzzy sets have overlapping boundaries and the linguistic statement
”the water temperature lag time is quite short but tending to be long” can be translated into a time
which has a membership degree of 0.8 to the fuzzy set ”high” and of 1 to the fuzzy set ”very high”.

(2) Fuzzy Inference

A fuzzy inference system is composed of a fuzzy rule base and an inference machine. The fuzzy
rule consists of if–then fuzzy rules, such as ”if x IS A AND y IS B, THEN z IS C”, by links the input
variables to output. In the same way, the fuzzy rules as a total of 64 (velocity with four linguistic
values, water depth with four linguistic values, and water temperature lag time with four linguistic
values) describing HS for the spawning period of C. idella are created based on literature reviews and
expert experience [49–51]. The fuzzy rules for the spawning of C. idella is shown in Table 1. The water
temperature lag time is used as an evaluation index of the fuzzy model. The water temperature lag
time indicates the time required for the outflow water temperature to reach the same water temperature
when the reservoir inflow water temperature (21 ◦C) is suitable for C. Idella to spawn. By using this
fuzzy rule base, the Mamdani–Assilian inference was used in the current application. An example of
a fuzzy inference process is described in Figure 7. The first line and second line show three inputs and
a single output. The third line depicts how three input values are partial members of three linguistic
variables for ”velocity”, ”water depth” and ”water temperature lag time”. This leads three fuzzy rules
to be activated. The implication operator determines the partial membership to the output. These are
aggregated into an output surface.

Table 1. Fuzzy rule base representing the habitat suitability index (HSI) for the spawning of
Ctenopharyngodon idella (C. idella).

Velocity Water Depth Time HSI Velocity Water Depth Time HSI

VL VL VL M VL VL L L
L VL VL H L VL L M
H VL VL H H VL L M

VH VL VL M VH VL L L
VL L VL H VL L L M
L L VL VH L L L VH
H L VL VH H L L VH

VH L VL H VH L L M
VL H VL H VL H L M
L H VL VH L H L VH
H H VL VH H H L VH

VH H VL H VH H L M
VL VH VL M VL VH L L
L VH VL H L VH L M
H VH VL H H VH L M

VH VH VL M VH VH L L
VL VL H L VL VL VH VL
L VL H L L VL VH VL
H VL H L H VL VH VL

VH VL H L VH VL VH VL
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Table 1. Cont.

Velocity Water Depth Time HSI Velocity Water Depth Time HSI

VL L H L VL L VH VL
L L H H L L VH L
H L H H H L VH L

VH L H L VH L VH VL
VL H H L VL H VH VL
L H H H L H VH L
H H H H H H VH L

VH H H L VH H VH VL
VL VH H L VL VH VH VL
L VH H L L VH VH VL
H VH H L H VH VH VL

VH VH H L VH VH VH VL

Note: Fuzzy sets are usually expressed by linguistic description such as ”very low”, ”low”, ”high” and ”very high”.
VL, L, H, VH indicate ”very low”, ”low”, ”high” and ”very high”, respectively.

 

 

 

Figure 7. Illustration of the fuzzy inference process.

(3) Defuzzification

The fuzzy inference system uses implication and aggregation operators to scale the membership
functions of output linguistic variables before performing defuzzification. Afterwards, a numerical
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output value of the fuzzy inference process is obtained with defuzzification methods, center of gravity.
In this study, the center of gravity defuzzification method is used as follows:

CG =

xmax∫
xmin

f (x) × xdx

xmax∫
xmin

f (x)dx

(7)

where CG is the center gravity of the area, x is the value of the linguistic variable, and xmax and xmin

indicate the range of the linguistic variable. The CG defuzzification method effectively calculates the
best compromise between multiple output linguistic terms. This crisp output value calculated by this
method denotes HS for C. idella, described as the habitat suitability index (HSI).

3.3.2. Criteria for Assessing Habitat Quality

In order to make a better and accurate evaluation for availability and suitability of habitat, some
related evaluation methodology such as weighted usable area (WUA), hydraulic habitat suitability
(HHS), and habitat suitability maps were calculated in the study. Habitat suitability maps were
generated to visualize the habitat suitability within the river under a steady flow condition. The WUA
was calculated by integrating habitat quality over the cells of the studied area, which can be widely
used to show the habitats available for species. It was assumed that WUA is positively associated with
fish biomass in IFIM. The HHS was obtained by dividing the WUA by the total area, which assigns
relative values between 0 and 1. It describes the suitability of hydrodynamic variables for the fish
species considered. The calculation methods of WUA and HHS are as follows:

WUA =
n∑

i=1

HSIi ×Ai (8)

HHS =
1

n∑
i=1

Ai

n∑
i=1

HSIi ×Ai (9)

where Ai indicates the i-th grid area, n indicates the total number of grids, and HSIi indicates the i-th
habitat suitability index.

The best flow management scenario is determined by comparing and analyzing the simulation
results under WUA and HHS for each scenario. A larger the WUA value, the larger total habitat
weighted usable area for fish spawning. A larger WUA value is more favorable for fish spawning.
HHS is a normalized value between 0 and 1. The larger the HHS value, the larger the proportion of
habitats area for fish spawning. A larger HHS value is more favorable for fish spawning.

4. Results and Discussion

4.1. Result of CE-QUAL-W2 Model Simulation

According to the research, the Xuanwei Reservoir has thermal stratification, and therefore it is
necessary to analyze the negative effect on the C. idella spawning in downstream of the reservoir caused
by the releasing of water with low temperature. In this study, the CE-QUAL-W2 model is used to
simulate the time taken to reach an appropriate ecological water temperature under different inflow
and outflow conditions. First of all, the initial conditions and boundary conditions of the model are
set. The historical runoff data (water level and flow) of the hydrological station and the historical
meteorological data (wind speed, wind direction, relative humidity, temperature, and cloudage) of the
meteorological station are collected to simulate the daily change process of the water temperature of
the Xuanwei Reservoir. The vertical distribution of the water temperature of the reservoir in mid-May
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is obtained by calculating the simulation results, and the results are shown in Figure 8a. The vertical
distribution of water temperature in mid-May was taken as the initial conditions of the model, when
the inflow water temperature is 21 ◦C, and the outflow water temperature is 15.8 ◦C. According to
the sampling survey in the study area, the spawning period of C. idella occurs mostly from mid-May
to mid-July of the year, and the optimal water temperature range for spawning is between 21 ◦C to
24.5 ◦C.

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 8. Cont.
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(f) 

Figure 8. Results of thermal stratification simulation: (a) Initial thermal stratification of the reservoir;
(b) inflow, 40 m3/s and outflow, 40 m3/s (from left to right: 1 day, 3 days, 5 days); (c) inflow, 100 m3/s and
outflow, 100 m3/s (from left to right: 1 day, 3 days, 5 days); (d) inflow, 140 m3/s and outflow, 140 m3/s
(from left to right: 1 day, 3 days, 5 days); (e) inflow, 100 m3/s and outflow, 80 m3/s (from left to right:
1 day, 3 days, 5 days); (f) inflow, 100 m3/s and outflow, 120 m3/s (from left to right: 1 day, 3 days, 5 days).

The inflow range is between 21 m3/s to 163 m3/s according to the historical runoff data from the
hydrological station in May, since 1970. The inflow and outflow are each divided into eight different
scenarios by using 20 m3/s as the flow interval. Different inflows and different outflows are combined
into 64 sets of scheduling scenarios. The inflow water temperature and meteorological data are based
on the multi-year average data in mid-May. By simulating 64 different scenarios, the results obtained
are shown in Figure 8 and Table 2.

Table 2. The time taken to reach suitable ecological water temperature under different inflow and
outflow scenarios.

Time (day)
Outflow (m3/s)

20 40 60 80 100 120 140 160

Inflow (m3/s)

20 13 10.6 8 6.4 6.2 / / /
40 10.8 9.8 7.2 6 5.7 5.3 / /
60 / 7.7 6.5 5.6 5.2 4.8 4.5 /
80 / 6.3 6 5.4 4.8 4.5 4.3 4.2
100 / / 5.6 5 4.6 4.3 4.1 4
120 / / 4.8 4.6 4.3 4 3.9 3.8
140 / / / 4.5 4.1 3.9 3.7 3.6
160 / / / / 4 3.8 3.6 3.5

Note: / indicates that this scheduling scenario does not meet the requirements. According to this scenario, the water
level is higher or lower than the water level limit.

In Figure 8, the vertical distribution of water temperature in the reservoir for one day, three
days, and five days is shown by five different scheduling scenarios. The vertical distribution of the
reservoir water temperature, respectively, is show in Figure 8b–d, when the reservoir inflow is equal
to reservoir outflow. The comparison results show that the large inflow of the reservoir makes the
water body mix well, which leads to the decrease of the thermal stratification stability. Therefore,
the temperature difference between the inflow and the outflow is relatively small. Similarly, the small
inflow of the reservoir makes the water body mix slowly, resulting in enhanced thermal stratification
stability. Therefore, the temperature difference between the inflow and the outflow is relatively high.
The vertical distributions of the reservoir water temperature are shown in Figure 8c, e, and f, where the
reservoir inflow is 100 m3/s and reservoir outflows are 100 m3/s, 80 m3/s, and 120 m3/s, respectively.
The comparison results show that the larger outflow of the reservoir makes the water body mix more
fully for the same reservoir inflow, which leads to the decrease of the thermal stratification stability.

When the inflow water temperature is 21 ◦C, the time taken for the outflow water temperature to
reach 21 ◦C is shown in Table 2. It can be seen from Table 2 that the larger outflow of the reservoir
makes the time to reach the appropriate water temperature shorter for the same reservoir inflow.
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Due to the thermal stratification of the reservoir, there appears to exist a time lag phenomenon
between inflow water temperature and outflow water temperature. The results of the model simulation
show that the larger inflow and outflow of the reservoir will make the water body mix more intensely,
resulting in shorter time delay of water temperature. At the same time, the fish reach the appropriate
water temperature for spawning in a short time, which is more beneficial to C. idella. Conversely, a long
lag time of water temperature delays the spawning of C. idella, which is less favorable for spawning.

4.2. Result of MIKE21 Model Simulation

The MIKE21 model is used to simulate the velocity and water depth distribution of fish habitats
under different outflows of the reservoir. The outflow range uses the value simulated by the
CE-QUAL-W2 model, which is divided into eight different scenarios. The minimum outflow is 20 m3/s
and the maximum outflow is 160 m3/s with an outflow interval of 20 m3/s. The upper boundary
of the habitat model uses a flow boundary, and the lower boundary uses a water level boundary.
The topographic data is provided by the Hydraulic Exploration Design Institute of the Guizhou
Province in China. On the basis of the hydraulic simulation, the spatial distribution of water depth
and velocity under eight different modeling scenarios is shown in Figure 9. As can be seen from the
figure, the velocity is relatively large near the reservoir location, and the water depth is deeper at the
river bend.

  
(a) (b) 

Figure 9. The spatial distribution of velocity and water depth under different reservoir outflows:
(a) velocity and (b) water depth.
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4.3. Suitable Ecological Flow Calculation

The simulation results of the CE-QUAL-W2 model and the MIKE21 model are applied to the
suitability evaluation of representative species in the study area. The effects of flow, water depth, and
water temperature hysteresis on habitats are reflected in the suitability evaluation. The implementation
of the fuzzy inference system represented in the previous section gives the outputs for all possible
inputs, as shown in Figure 10. The combined effects of each of the two indicators on habitat suitability
are shown in Figure 10, with a total of three sets of analysis results. The results show that when velocity
and water depth are excessively large or small, habitat suitability is so poor that the hydraulic condition
cannot meet the spawning requirements of C. idella. According to the survey data of C. idella in the
Qingshui River (Section 2, 2.2. Ctenopharyngodon idella) it is most suitable for adult C. idella spawning
when the water temperature is between 21 ◦C and 24.5 ◦C, velocity is between 0.3 m/s and 0.9 m/s,
and water depth is between 3 m and 7.5 m. The results derived from the 3D fuzzy surface graph are
basically the same as the field measured data, so the fuzzy logic-based habitat model should be reliable
and adoptable.

 
(a) (b) 

 
(c) 

Figure 10. Output for habitat suitability index (HSI) after defuzzification. (a) HSI of velocity and
water depth, (b) HSI of velocity and water temperature lag time, and (c) HSI of water depth and water
temperature lag time.

On the basis of the hydraulic simulation and the fuzzy logic-based habitat model, the weighted
usable area (WUA) and hydraulic habitat suitability (HHS) are evaluated. The specific operational
steps are to simulate the distribution of velocity, water depth, and water temperature lag time under
different inflows and outflows through two hydraulic models. Then, the fuzzy-based habitat model is
used to construct the relationship between hydraulic factors and habitat suitability index. Finally, the
WUA and the HHS under different reservoir inflows and reservoir outflows are obtained by fuzzy
calculation. This study simulates a combination of eight different reservoir inflows and eight different
reservoir outflows, including a total of 64 scenarios. The results of 64 scenarios are analyzed, but 19 of
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them do not meet the scheduling requirements. According to these scenarios, the water level is higher
or lower than the water level limit. The simulation results under 45 scenarios are shown in Figure 11
and Table 3.

Figure 11. Weighted usable area (WUA) curves for C. idella in the study area.

Table 3. Hydraulic habitat suitability (HHS) under different inflow and outflow scenarios.

HHS
Outflow (m3/s)

20 40 60 80 100 120 140 160

Inflow (m3/s)

20 0.077 0.079 0.300 0.497 0.586 / / /
40 0.077 0.079 0.361 0.529 0.623 0.631 / /
60 / 0.264 0.414 0.553 0.651 0.655 0.640 /
80 / 0.364 0.455 0.563 0.669 0.675 0.659 0.647
100 / / 0.478 0.581 0.681 0.693 0.686 0.669
120 / / 0.517 0.601 0.705 0.726 0.696 0.674
140 / / / 0.608 0.723 0.729 0.700 0.678
160 / / / / 0.728 0.731 0.702 0.680

Note: / indicates that this scheduling scenario does not meet the requirements. According to this scenario, the water
level is higher or lower than the water level limit.

The WUA and HHS are calculated from the habitat quality maps by using Equations (8) and (9).
As can be seen from Figure 11 and Table 3, the change tendencies of the WUA and HHS are almost
consistent. The suitability of hydraulic habitats under different reservoir inflows and outflows are
shown in Table 3. The best flow management scenario is determined by comparing and analyzing the
simulation results under the WUA and HHS for each scenario as follows:

1. The effects of different outflow on the WUA and HHS for the same reservoir inflow. It can
be seen from the table that an increase of the reservoir outflow will make the HHS value gradually
increase for the same reservoir inflow. When the reservoir outflow reaches 120 m3/s, the HHS value
is the largest. However, the HHS value gradually decreases when the reservoir outflow is greater
than 120 m3/s. At the same time, it can be seen from the table that when the reservoir outflow reaches
100 m3/s or more, the comprehensive index of HHS can generally reach 0.6 or more.

2. The effect of the WUA and HHS when the reservoir inflow is equal to outflow. A total of eight
scenarios (20, 40, 60, 80, 100, 120, 140, and 160 m3/s) were simulated for the same reservoir inflow
and outflow. The habitat ecological suitability is the best when the reservoir outflow is 120 m3/s.
When the flow is greater than 100 m3/s, the HHS index can reach 0.6 or more, which is beneficial to
C. idella spawning.

3. Determination of the suitable ecological flow range based on 64 scenarios. According to the
results of 64 scenarios, it shows that the ecological flow for C. idella spawning can satisfy the basic
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demand when the reservoir inflow is greater than 60 m3/s and the reservoir outflow is greater than
100 m3/s. The habitat ecological suitability is the best when the reservoir outflow is 120 m3/s. Therefore,
compared with historical data, the suitable ecological flow from 100 m3/s to 160 m3/s for C. idella
propagation is reliable, and the ecological flow can meet the spawning requirements of the fish species.

4.4. Discussion

4.4.1. Suitable Ecological Flow Discussion

For further analysis of the simulation results, several scenarios are selected for analysis. The spatial
distribution of habitat suitability for several scenarios is shown in Figures 12 and 13. According to the
simulation results of velocity and water depth in Figures 12 and 13, the velocity is larger at the dam
site, but the excessive velocity leads to poor habitat suitability. The water depth at the bend of the river
is deep, and the deepwater depth leads to poor habitat suitability.

The spatial distribution of habitat suitability indicators is shown in Figure 12, where the reservoir
inflow is equal to outflow. It can be seen from the results that the large inflow of the reservoir makes
the water body mix well, which leads to a decrease of the thermal stratification stability. Therefore,
the temperature difference between the inflow and the outflow is relatively small, which is beneficial
to C. idella spawning. Similarly, the small inflow of the reservoir makes the water body mix slowly,
resulting in an enhanced thermal stratification stability. Therefore, the temperature difference between
the inflow and the outflow is relatively high, which is unfavorable for C. idella spawning. Comparing
the spatial distribution characteristics of the four different scenarios in Figure 12, the overall suitability
is optimal at 120 m3/s. Habitat suitability is extremely poor when the reservoir outflow is below 40 m3/s.
This shows that too much or too little flow will be detrimental to C. idella spawning. The results show
that when reservoir inflow and reservoir outflow are excessively large or small, habitat suitability is so
poor that the hydraulic condition cannot meet the spawning requirements of C. idella.

Figure 13 shows the spatial distribution of habitat suitability index when the reservoir inflow is
120 m3/s and reservoir outflows are 80 m3/s, 100 m3/s, 120 m3/s, 140 m3/s, and 160 m3/s, respectively.
It can be seen from the results that the larger outflow of the reservoir makes the water body mix well for
the same reservoir inflow, which leads to the decrease of the thermal stratification stability. Therefore,
the temperature difference between the reservoir inflow and the outflow is relatively small, which is
beneficial to C. idella spawning, however, increasing the outflow of the reservoir leads to excessive
velocity in the local area of the habitat, and also leads to deeper water depth. A too high velocity and
too deepwater depth can negatively affect C. idella spawning. On the basis of the spatial distribution
characteristics of habitats under five different reservoir outflow scenarios, the overall suitability is
optimal at 120 m3/s. This further validates the results in the previous section. It is most beneficial to
the reproduction of C. idella when the reservoir outflow reaches 120 m3/s.

Figure 14 shows the spatial distribution of habitat suitability index when the reservoir outflow is
120 m3/s and the reservoir outflows are 40 m3/s, 60 m3/s, 80 m3/s, 100 m3/s, 120 m3/s, 140 m3/s, and
160 m3/s, respectively. From the analysis in Figure 13, 120 m3/s is a suitable reservoir outflow. From
the results of Figure 14, it can be seen that under this suitable outflow, the larger reservoir inflow will
make the overall habitat suitability index better. The larger reservoir inflow makes the water body mix
well for the same reservoir outflow, which leads to a decrease of the thermal stratification stability.
Therefore, the temperature difference between the reservoir inflow and the outflow is relatively small,
which is beneficial to C. idella spawning. On the basis of the spatial distribution characteristics of
habitats under seven different reservoir inflow scenarios, the overall suitability is optimal at 160 m3/s.
This shows that reservoir inflow has a certain impact on C. idella spawning. The reservoir inflow
provides a space for rational allocation of water resources.
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Figure 12. The spatial distribution of HSI under different inflow and outflow scenarios (inflow is equal
to outflow).

Figure 13. The spatial distribution of HSI under different outflow scenarios.
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.
Figure 14. The spatial distribution of HSI under different inflow scenarios.

4.4.2. Suitable Spawning Areas Discussion

In order to discuss suitable spawning activity areas for C. Idella, this study calculates and analyzes
the weighted usable area with a suitability of 0.6 or more. As shown in Table 4, the following results
can be seen from the table: (1) under the seven scenarios with low flow, the weighted usable area with
a suitability of 0.6 or more is 0; (2) when the reservoir inflow is 100 m3/s and outflow is 160 m3/s, the
weighted usable area with a suitability of 0.6 or more is the largest. The maximum value is 135,396 m3,
accounting for 62.6% of the total habitat area of the study area; and (3) when the reservoir inflow is
greater than 60 m3/s and outflow is greater than 100 m3/s, the C. idella has more than 100,000 m3 area
suitable for spawning activity.

The main spawning area of C. idella spawning is shown in Figure 15 (select a scenario where the
reservoir inflow is 100 m3/s and the outflow is 160 m3/s). According to the survey data, the C. idella
historical sampling points are mainly concentrated in three areas, which is close to the best suitability
area of the simulation results. The model has a certain reliability under less data samples and is a
better choice.
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Table 4. WUA (HSI > 0.6) under different inflow and outflow scenarios.

WUA (HSI>0.6)
(m3)

Outflow (m3/s)
20 40 60 80 100 120 140 160

Inflow (m3/s)

20 0 0 0 27764 61698 / / /
40 0 0 0 35069 86714 99344 / /
60 / 0 9308 42825 108387 111137 103931 /
80 / 2979 14038 47581 119950 119168 109860 101351
100 / / 18432 55961 124693 124188 117030 106967
120 / / 27236 69335 130415 131471 118182 107612
140 / / / 74387 134015 132086 119230 108050
160 / / / / 135396 132667 120162 108712

Note: / indicates that this scheduling scenario does not meet the requirements. According to this scenario, the water
level is higher or lower than the water level limit.

Figure 15. The main distribution area of C. idella spawning.

4.4.3. Future Work

There are still some shortcomings in the current research and further research should be carried
out which includes the following: (1) Fish habitats not only provide living space for fish, but also
provide all environmental factors such as water temperature, substrate, flow rate, pH value, and
dissolved oxygen that satisfy the survival, growth, and reproduction of fish. The impact of various
hydraulic factors on fish habitats should be considered in the future. (2) In addition to C. idella in the
study area, other economically valuable local fish should be considered as research protection targets.
Habitat models that consider multiple species should be established in the future. (3) The current
research is only for the fish spawning period, and the whole life cycle of the fish should be considered
in the future, including the hydraulic conditions of the feeding ground, the spawning ground, and the
wintering ground.

5. Conclusion

Construction of water conservation projects changes natural flow regimes of rivers and causes
adverse impacts on rivers such as obstruction of fish migration paths, as well as altering water
quality and water temperature, and thereby causing profound impacts on the aquatic ecosystem.
By coupling the fuzzy inference system, a two-dimensional laterally-averaged hydrodynamic model
(CE-QUAL-W2), and a two-dimensional shallow water hydrodynamic model (MIKE21), the fuzzy
logic-based habitat model is developed for evaluating the effect of inflow and outflow of the Xuanwei
Reservoir on the spawning habitat suitability of Ctenopharyngodon idella (C. idella) in the Qingshui River.
The model is constructed considering the reservoir and the downstream river channel, and explores
the comprehensive effects of water temperature, velocity, and water depth on habitat suitability.
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On the basis of the historical runoff data of the hydrological station, 64 different reservoir inflow
and outflow scenarios are designed and simulated. The weighted usable area (WUA) and hydraulic
habitat suitability (HHS) under each scenario are calculated and analyzed to obtain a suitable ecological
flow range. The results show that the ecological flow for C. idella spawning can satisfy the basic demand
when the reservoir inflow is greater than 60 m3/s and the reservoir outflow is greater than 100 m3/s.
The habitat ecological suitability is the best when the reservoir outflow is 120 m3/s. The suitable
ecological flow range provides a reference and guidance for the ecological scheduling of reservoirs and
plays an important role in conserving fish habitats. Further works should focus on data collection
to consider other important physical variables such water quality, dissolved oxygen, and sediment
in order to model a complex river ecosystem with more accuracy. Habitat simulation can evaluate
river health and provide support for river management, and therefore it is needs to be quickly put into
practice to improve local river ecology and environment.
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Abstract: Flow regulation by large dams has transformed the freshwater and floodplain ecosystems
of the Middle Amur River basin in Northeast Asia, and negatively impacted the biodiversity and
fisheries. This study aimed to develop environmental flow recommendations for the Zeya and Bureya
rivers based on past flow rate records. The recommended floodplain inundation by environmental
flow releases from the Zeya reservoir are currently impracticable due to technical reasons. Therefore,
the importance of preserving the free-flowing tributaries of the Zeya River increases. Future technical
improvements for implementing environmental flow releases at the Zeya dam would improve dam
management regulation during large floods. The recommendations developed for environmental
flow releases from reservoirs on the Bureya River should help to preserve the important Ramsar
wetlands which provide habitats for endangered bird species while avoiding flooding of settlements.
The results emphasize the importance of considering environmental flow during the early stages of
dam planning and the need to enhance the role of environmental flow in water management planning.

Keywords: Amur; hydropower; dam; damage; environmental flow releases; biodiversity
conservation; freshwater ecosystems; wetlands

1. Introduction

1.1. The Urgent Need for Restoring Freshwater Biodiversity

In recent decades, the biodiversity of freshwater ecosystems has been sharply decreasing. The 2020
Living Planet Index shows that the average abundance of freshwater populations monitored across
the globe has declined by 84% since 1970 [1], and the extinction level of freshwater fish in the 20th
century was the highest in the world among vertebrates [2]. The operation of dams has led to changes
in flow regimes of many rivers in the world [3–6] including in Russia [7–11], and has depleted and
changed the species composition of rivers, which makes freshwater ecosystems unstable to the effects
of natural and anthropogenic factors. Irreversible water withdrawal and water pollution, water
operation without effective means of protection of freshwater ecosystems, irrigation, and poaching
have served as additional factors contributing to a sharp decline in freshwater biodiversity [12]. Urgent
measures should be adopted to address freshwater biodiversity loss [13]. Studies have demonstrated
that changes in freshwater ecosystems could be reversible and that ecosystems could retain sufficient
potential for recovery [14]. The conservation and restoration of freshwater ecosystems should be a
key component of sustainable water resources management, while biological productivity should be
used as an indicator of the state of freshwater ecosystems [15]. A key element in the restoration of
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disturbed freshwater ecosystems is ensuring the hydrological regime for favorable environmental
conditions within freshwater and floodplain ecosystems. The science and practice of environmental
flow assessment enables identification and quantification of these attributes [1,16,17].

1.2. Environmental Value of the Amur River Basin

The Amur River, in Northeast Asia, is one of the ten largest rivers in the world. Its basin covers
over 1.8 million square kilometers of Russian, Chinese, and Mongolian land [18] (see Figure 1). The state
Sino-Russian border along the Amur River and its tributaries reaches 3500 km.

 
Figure 1. Large dams in the Russian part of the Amur River basin and the important wetlands, including
Ramsar sites, located within protected areas under the dam impact.

The Amur River basin ecosystems maintain high levels of biodiversity [19], providing habitats for
130 fish species, 18 of which are endemic. The largest salmon and sturgeon populations of the Pacific
Ocean live in the Amur River basin [20,21]. Endangered birds such as Oriental storks (Ciconia boyciana),
red-crowned cranes (Grus japonensis), and white-naped cranes (Grus vipio) breed in the Amur wetlands.
There are 320 terrestrial vertebrate fauna species that inhabit the floodplains of the Amur River.
Flora assemblage of the riverside forests is estimated at more than 300 vascular plant species [22].
Despite the regulated flow of the main tributaries, the main channel of the Amur River remains free of
dams, providing ecological integrity to the basin [23].

1.3. Amur River Basin and Floods

1.3.1. Natural Features

The river flow in the Amur River basin is influenced by rainfall, reaching 80% of the annual
flow [24]. Frequent floods which are caused by the monsoons of Eastern Asia are common [25,26].
During the warm season from May to September, four to five floods occur, which have caused water
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level fluctuations of up to 6–8 m in large rivers. The maximum water levels are typical for July and
August. Seasonal flow fluctuations in the Amur River basin are exceptionally large as compared with
other regions of Russia.

Floods are formed within six major tributaries of the Amur River catchment, i.e., the Argun,
Shilka, Zeya, Bureya, Sungari, and Ussuri rivers. Flood magnitude is determined by the maximum
flow rates and flood levels on the tributaries as well as by flood volume [25,27]. Floods formed in a
separate catchment area can also lead to a large flood on the Amur itself. Significant rises in water
levels occur once every two to three years. Once every 10–15 years, floods on several large tributaries
coincide, which lead to inundation of the Amur River floodplain and the adjacent areas [27].

1.3.2. The Role of Water Flow and Floods in Freshwater and Floodplain Ecosystem Maintenance and
Function

Natural water flow provides ecosystem services such as maintaining specific hydraulic and
geomorphological stream parameters (non-silting velocity, physical and chemical properties of water,
etc.), and maintaining the area, timing, and duration of flooding of a floodplain. River flow which
defines the thermal regime, water turbidity, as well as soil and vegetation cover, plays a vital role
within freshwater and floodplain ecosystems. The permissible recurrence of ecologically unfavorable
hydrological conditions should be determined by the characteristics of freshwater ecosystems and
their inertia [15,28].

During high floods, the Amur River overflows its riverbanks for tens of kilometers and forms a
backwater with its tributaries, bypassing their floodplain ecosystems and washing out oxbow lakes.
Floods have a positive effect on fish reproduction, create favorable conditions for the migration of
anadromous fish, and enhance the fertility of floodplain soils, creating a high potential for floodplain
biological productivity [22,29]. Therefore, floods contribute to freshwater and floodplain ecosystem
maintenance in the Amur River basin.

1.3.3. Socioeconomic Reasoning for Dam Building

Floods are the main natural disaster in the Amur River basin, negatively affecting the region’s
economy [30–33]. The most significant losses are common in the agriculture, industrial, and communal
sectors [30,33].

Large dams regulate the flow of the following three main Amur tributaries: the Zeya and Bureya
rivers in Russia, and the Songhua River in China. In Russia, three large dams (see Figure 1) have
been built to produce electricity and protect areas from floods [25]. In the Zeya River basin, the Zeya
dam (1330 MWt), located 640 km from the Zeya mouth, has been operating since 1984 [34]. The dam
regulates 45% of the total Zeya flow [35]. On the Bureya River, the Bureya dam (2010 MWt), located
174 km from the Bureya mouth [36], has been operating since 2003. Since 2017, the Lower Bureya
dam (320 MWt), located 85 km from the Bureya mouth [37] has also been operational. In general,
the reservoirs successfully protect the human population from floods [25].

However, the catastrophic flood of 2013, which lasted over two months, became the largest flood
in the Amur River basin for the last hundred years [24,38–40] and demonstrated the limitations of
dams to protect the population. In Russia, tens of thousands of people were evacuated and many lost
homes. In China, the flood also brought great disasters, including human casualties [33]. After this
extraordinary flood, plans to build from four to ten new dams for additional flow regulation in Russia
were announced [32,41,42], but have not yet been implemented.
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1.4. Impact of Dams on the Regulated Zeya and Bureya Ecosystems

1.4.1. Long-Term Flow Regulation and Its Impact on Freshwater Ecosystems of the Zeya and Amur
Rivers

As a result of flow regulation, maximum water flow rates of the Zeya River have decreased by
more than 20%, and the frequency of floods has declined [43], while, as a result of irregular flooding,
the settlement area within the Zeya floodplain has increased up to 1.5 times [44]. After construction of the
Zeya dam, the Amur River water flows during summer reduced [45,46], which led to a deterioration of
water exchange in floodplain wetlands and a gradual overgrowth of oxbow lakes [47,48]. The wetlands
of the Muravyevsky Refuge (Ramsar Site, Wetland of International Importance) and the Amur Reserve
in the Amur floodplain are affected by the flow regimes of the Amur and Zeya rivers. These wetlands
are the habitat of endangered bird species such as the Oriental stork (Ciconia boyciana), red-crowned
crane (Grus japonensis), white-naped crane (Grus vipio), and hooded crane (Grus monacha) [49].

Construction of the Zeya hydropower dam is an obstacle for fish migrations. The species
composition of the Zeya reservoir, with an area of 2500 km2, has decreased by a third; 12 out of
38 fish species have disappeared from the waterbody, including endangered species such as the kaluga
(Huso dauricus) and Amur sturgeon (Asipenser schrenckii), while two invasive species have appeared
(Coregonus peled and Coregonus migratorius) [50]. Species depletion and composition change make
freshwater ecosystems unstable to the effects of natural and anthropogenic factors [28,51]. The Zeya
reservoir was originally planned as a fishery reservoir; the main commercial catch was the Amur pike
(Esox reichertii). However, the current pike catches are five to seven tons versus the expected 400 tons
per year [52].

Fish stocks have decreased in all the water bodies located within the impacted area of the dam.
In the 1980s, commercial fish productivity of the Zeya River was 20–25 kg per ha and the productivity
of the floodplain lakes was 30–40 kg per ha. By 2008, the number had decreased to 0.34 and 0.22 kg per
ha [53]. Before the dam construction, the main species of the Zeya river were fish laying eggs in the
inundated terrestrial vegetation, i.e., phytophilic fish, representing up to 70–80% of the total freshwater
fish stocks, including Amur catfish (Silurus asotus), Amur pike (Esox reichertii), the Prussian carp
(Carassius gibelio), and the Amur carp (Cyprinus carpio). Due to decreased summer flows, the phytophilic
fish spawning ground range and food supply has decreased, which has led to a decrease in their
numbers [54]. The influence of cold water is found in the Zeya River section from the dam up to the
confluence of the large free-flowing Selemdzha River, which has also changed the species composition
towards lithophilic fish species [50,55].

Conversely, the maximum winter discharges and the water levels of the Middle and Lower Amur
River basin have significantly increased [45,46]. This has led to intensified formation of intra-water ice,
sludge, and congestion, which could threaten the stable operation of water intakes and other economic
facilities [56]. Although an increase in the winter flow prevents fish suffocation, it does not contribute
to a rise in their number [54].

1.4.2. Effects of Flow Regulation on Freshwater Ecosystems of the Bureya River Basin

The Khingano-Arkharinskaya Lowland (Ramsar Site, Wetland of International Importance) is
impacted by the dams on the Bureya River (see Figure 1). The area provides breeding habitats for
endangered bird species such as the Oriental stork (Ciconia boyciana), red-crowned crane (Grus japonensis),
and white-naped crane (Grus vipio) (see Figure 2). Up to 10% of the world’s Oriental stork population
breeds here, and a large group of red-crowned cranes inhabit this area [57]. One of the main conditions
for bird nesting is the location of nests in close proximity to weak-flowing water bodies inhabited by
small fish [58,59]. The reduced fish abundance in lakes has worsened the living conditions for birds
and lead to the loss of nesting area and a decrease in the number of nesting pairs [60].
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Figure 2. The endangered bird species inhabiting wetlands under the impact of dams, and their food
supply. (A) Oriental stork (Ciconia boyciana), by D. Korobov; (B) Red-crowned crane (Grus japonensis),
by A. Sasin; (C) White-naped crane (Grus vipio), by A. Sasin; (D) Loaches (Misgurnus mohoity) and
Amur sleeper (Perccottus glenii), typical food for storks and cranes, by E. Egidarev.

After the Bureya dam started operating in 2002, the magnitude of the high floods was reduced.
The reduction in maximum water levels caused limited and infrequent water flow along small river
channels and lakes, which resulted in their gradual overgrowth. The negative effect of the dam’s
operation has been reinforced during dry periods and has led to the loss of nesting sites for cranes [61].
At the peak of the drought in 2001–2003, the number of breeding cranes and storks decreased to a
minimum. Under natural flow conditions, high floods have compensated for the adverse effects of
droughts, restoring the productivity of wetlands [60].

Before dams were built, 36 fish species inhabited the Bureya River basin. After dam construction,
the number of fish species in the Bureya reservoir decreased to 27 species of freshwater fish, while the
number of fish species downstream from the dams decreased to 20 species [62].

1.5. Optimizing Reservoir Operating Rules to Meet Environmental Flows and Minimize the Ecological Effects
of Flow Regulation

In order to reduce the negative impact of flow regulation and preserve freshwater and floodplain
ecosystems, the flow regime in the warm season should mimic the natural flow by implementing
environmental flow releases from reservoirs. These environmental flow releases should maintain river
channels and spawning grounds which favorably affect the environment for fish, reconnect oxbow lakes
and maintain a water regime of wetlands close to natural, and increase soil fertility within floodplains.

Russian official agencies responsible for assessing and limiting human impact on water bodies
follow the Water Code when developing Standards for Permitted Limits of Impact on Water Bodies
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and Comprehensive Schemes for Water Bodies Management and Protection [63]. During the scheme’s
development, environmental flows are established for multiple river stretches in order to assess
the water balance of the river basins, which are required in order to calculate the permitted water
withdrawal for a particular water management area during the development of standards. In 2014,
both the standards and scheme were developed for the Amur River basin and approved by the official
agencies for the next decade [64,65]. However, these documents do not include sufficient requirements
for maintaining the sustainable state of the freshwater and floodplain ecosystems [66]. Furthermore,
in order to implement environmental flow releases from the reservoirs, such requirements ought
to be outlined in the Reservoir Operating Rules, the underlying document on operational reservoir
management [67].

Currently, environmental flow releases from the reservoirs on the Zeya and Bureya rivers have
not been implemented, except for sanitary flows, to ensure compliance with water quality standards
downstream from the dams. These sanitary flows are not enough to maintain freshwater or floodplain
ecosystems. No previous recommendations for the implementation of environmental flow releases
with broader objectives have been developed, although the nature conservation community and
environmental experts have repeatedly pointed out their importance in resolving this issue [47,68–70].

Alongside the construction of the Lower Bureya Dam, an environmental compensation program
was undertaken by the hydropower company RusHydro, the local government, the UNDP/GEF,
and ecologists [70,71]. The project aimed to minimize impacts of the construction of the Lower Bureya
dam on the biodiversity of the terrestrial ecosystem but did not include measures such as environmental
flow releases aimed at conserving freshwater ecosystems or species [70,72].

2. Materials and Methods

2.1. Materials

The environmental flow requirements for the Zeya River basin were estimated according to
the methodological approaches for determining surface water withdrawal and environmental flow
(release) [73,74], which is the main approach applied in Russia for assessing environmental flow.
For the calculations, the data on daily mean discharge for 1957–2017 at the Belogorye stream gauge
was used. The stream gauge is located in the lower reaches of the Zeya River, i.e., 43 km from the river
mouth, and 617 km from the dam (see Figure 1). The natural flow regime was analyzed using the data
from 1957 to 1974, the period before the dam started operating.

To assess the environmental flow releases from the Bureya reservoirs, floods under natural and
regulated flow regime were analyzed. The data on daily mean discharge from 1957 to 2017 at the
Malinovka stream gauge, located 80 km from the mouth of the Bureya, downstream of the Bureya and
Lower Bureya dams (see Figure 1), were used. The natural flow regime was analyzed using the data
from 1957 to 1999, as the Bureya River was blocked for dam construction in 2000.

The flow rates for the water overflow from the channel into the adjacent floodplain were also
determined from the Belogorye and Malinovka stream gauges.

2.2. Methodology for Assessment of Permitted Surface Water Withdrawal and Environmental Flow (Release)

The method is based on the principle of sustainable functioning of freshwater and floodplain
ecosystems and preservation of natural breeding conditions.

The methodological approaches for determining the permitted surface water withdrawal and
assessing environmental flow (release) are based on published materials [28,51,73,74]. The components
of ecosystems in river basins depend on the ecologically significant elements of the hydrological regime
that characterize their state. For rivers, an ecologically significant element of the hydrological regime is
flow velocity and flow discharge. The volume of runoff describing the optimal and normal conditions
should be determined, as well as water volume for critical conditions, when a sharp deterioration in
living conditions and only minimal natural reproductive processes occur.
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The river discharge which corresponds to the overflow of water from the channel into the
floodplain can be used as a basis for establishing critical conditions [15,28,73,75]. The critical average
daily water discharge was determined according to the hydrological data, as well as the corresponding
discharge values when the water does not overflow into the floodplain. Then, the corresponding value
of the critical annual runoffwas determined.

The permitted surface water withdrawal is the maximum volume of water withdrawn from
the river basin, which preserves the conditions for the stable and safe functioning of freshwater and
floodplain ecosystems or their components. The value of the permitted surface water withdrawal from
the river should preserve the intra-annual flow fluctuations, as close as possible to natural conditions
without exceeding the limits of natural long-term fluctuations. In order to define the permitted surface
water withdrawal, ecological criteria such as the conditions of natural reproductive processes of aquatic
biological resources, the structure of the fish community, and the species diversity are used.

Environmental flow is calculated as the difference between the runoff volume and its permitted
withdrawal. Therefore, this is the runoff with an admissible irreversible water withdrawal, which
provides conditions for stable and safe ecosystem function and restoration.

The algorithm for defining the environmental flow is as follows:

1. On the basis of an analysis of the relationship among natural hydrological characteristics and
freshwater ecosystem productivity or other indirect indicators, the critical discharge and volume
of water, Qcr and Wcr are defined, corresponding to the critical state of freshwater ecosystem.

2. The historically minimal runoff volume (Whist) is taken as the restored minimum runoff per year
with 99% probability of exceedance.

3. The difference between the critical runoff volume and the historically minimal runoff determines
the volume which can be withdrawn from the river with minimal damage to the ecosystem in
the long term. The average volume of permissible irrevocable withdrawal is determined by
the formula:

Wiw mean =Wcr −Whist (1)

4. The intra-annual distribution of Wiw mean is carried out according to the long-term natural
flow regime.

5. The permitted water withdrawal is determined for the stream gauge located in the lower reaches
of the river basin, mostly close to the river mouth. The withdrawal volume is determined for
different water year types (e.g., normal, very wet, wet, dry, and very dry), considering intra-annual
seasons of the water year:

Wiw j =Wiw mean × (Wj/Wmean) (2)

where Wj is the natural (or restored) runoff in the year with j% probability of exceedance and
Wmean is the mean natural (restored) runoff in the lower reaches of the river basin.

6. The permitted water withdrawal value for the river sections located upstream is defined along
the main river channel according to the formula:

Wi
iw j = K ×Wiw j (3)

where Wiw j is the permitted water withdrawal volume established for the whole basin for the
year of j% probability of exceedance and K is the proportion between the total river runoff for the year
with j probability of exceedance and the river runoff in a defined river section.

7. In dry years with a runoff below the critical volume, water withdrawal is allowed only for priority
needs, such as drinking and domestic water supply.
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8. According to the defined value of the permitted water withdrawal, the environmental flow
(WiEFlow j) is calculated for the year of j% probability of exceedance:

Wi
EFlow j =Wi

j −Wi
iw j (4)

9. The environmental flow release from the reservoir should consider the needs for fishery and
ecosystem maintenance, channel-forming processes, and ensure proper sanitary requirements.
If there is a lateral inflow downstream from the dam, the environmental flow release must
ensure compliance with the defined requirements of environmental flow. When establishing
recommendations for environmental flow releases, fishery needs can be taken as a basis, providing
conditions for natural reproductive processes of commercially valuable and other fish species, as
well as other aquatic flora and fauna inhabiting freshwater ecosystems downstream of the dam.

10. The intra-annual distribution of critical flow, as well as environmental flow and releases is carried
out under the intra-annual flow distribution for a particular year.

When determining the permissible irrevocable water withdrawal, first, the calculation is carried
out for the entire basin, and then for the upstream sections.

The permitted water withdrawal should not exceed 20% of the average annual runoff volume [76].

3. Results

3.1. Environmental Flow Assessment in the Zeya River Basin

On the Zeya River section from the hydropower dam up to the confluence of the Zeya and its
tributary Selemdzha, the river course is relatively straight, with a small number of tributaries. Such
a morphological structure determines the poverty of fish species. The negative effect of cold water
on aquatic organisms is found here [55] and is an additional limiting factor in the reproduction of
aquatic biological resources. After the confluence of the Zeya and Selemdzha rivers, the Zeya water
is sufficiently heated. Its river course is meandering, forming channels, oxbow lakes, and grounds
favorable for fish reproduction. A large number of channels and lakes are located within the wide
floodplain on the right riverbank. Due to the thermal regime, this river section is comfortable for most
freshwater fish living in the Zeya River basin. The Zeya’s most important area for fish habitat is the
channel and floodplain of the Zeya River below the confluence of the Selemdzha River and up to the
Zeya River’s lower reaches with a straight river course flowing into the Amur River. The river section
between the confluence of the Selemdzha and Zeya rivers is the most ecologically valuable site of the
Zeya River basin. The hydrological conditions of this area can be characterized by the data of the
Belogorye stream gauge.

To define the environmental flow requirements, floods in the Lower Zeya River basin under the
natural flow regime and the flow regulation were compared.

In order to inundate the Zeya floodplain and ensure conditions for natural reproduction processes
for phytophilic fish, the river discharge at the Belogorye stream gauge should exceed 6500 m3/s, which
corresponds to the discharge of the overbank flow. According to hydrological observations under a
natural flow regime between 1956 and 1974, the floodplain inundation at the Belogorye stream gauge
has occurred annually and throughout the entire warm season. From early May to late July, during fish
spawning, the duration of continuous periods of the floodplain inundation was 15–20 days, reaching
30–37 days some years (see Figure 3a–e). During August and September, at the end of the spawning
and fattening periods, the floodplain was also annually inundated (see Figure 3f–h) for 5–32 days,
causing water inflow into oxbow lakes. When river discharges exceeded 9000 m3/s, the high rates
would wash organic debris and macrophytes out of the lakes.
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Figure 3. Under flow regulation, the frequency and duration of the Zeya River’s bank overflow
and floodplain inundation at the Belogorye stream gauge decreased, which negatively affects the
reproduction of phytophilic fish.

To determine the environmental flow for the Zeya River at the Belogorye stream gauge, critical
conditions for the freshwater ecosystem were determined, such as the flow rate and water volume
which did not lead to bank overflow. The only relatively dry year in the short natural flow regime
observation period of 1957–1974 was 1962 (78% probability of exceedance). Due to a short period of
observations, the use of the 1962 data leads to an overestimation of the permitted water withdrawal,
which is 20% more than the average flow rate. Such a large water withdrawal cannot contribute
to the freshwater ecosystem’s preservation. Therefore, the volume of critical flow (Wcr) is assumed
to be equal to the runoff volume for a year with 90% probability of exceedance and equals 45 km3.
The difference between the volume of critical flow (Wcr) and the historically minimal runoff with 99%
probability of exceedance (Whist) is the average value of the permitted water withdrawal (Wiw mean):

Wiw mean =Wcr −Whist = 45 − 35 = 10 km3. (5)

Therefore, the average permitted water withdrawal is 10 km3, equivalent to 17.5% of the Zeya’s
57 km3 average flow. The flow volumes and permitted water withdrawal were determined for wet
(25% probability of exceedance), normal (50% probability of exceedance), dry (75% probability of
exceedance), and very dry (95% probability of exceedance) water years.

For different water years, the environmental flow volumes are the following: 55 km3 (P = 25%),
48 km3 (P = 50%), 42 km3 (P = 75%), 34 km3 (P = 95%). The environmental flow volume is distributed
between the warm and cold seasons in the ratios of 85–90% and 10–15% (see Table 1).

3.2. Flood Analysis in the Bureya River Basin for Environmental Flow Determination

The current surface water withdrawal from the Bureya River is 0.008% of the permitted withdrawal
value for a very dry year [77] and the problem of excessive water withdrawal or the lack of water
resources is not relevant at the present time or in the foreseeable future. Therefore, the volumes of
irrevocable permitted water withdrawal have not been established.

We believe that flow regulation should also provide conditions for the preservation of freshwater
ecosystems downstream from the dam, and the flows for periodic floodplain inundation should
be maintained. To estimate the required river discharges, floods under natural flow regimes and
under flow regulations were compared, and recommendations for the environmental flow releases
were determined.
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Table 1. Annual and intra-annual distribution of surface water withdrawal and environmental flow
volumes of the Zeya River basin for different water years.

Characteristic
Annual Volume

of Water
km3

Warm Season
(May–September)

Cold Season
(October–April)

Water Volume
km3

Proportion of
Annual Flow

%

Water Volume
km3

Proportion of
Annual Flow

%

Wcr 45.0 - - - -

Whist 35.0 - - - -

Wiw mean 10.0 - - - -

W25%
(wet year) 67.0 59.0 88 8.0 12

W50%
(normal year) 58.0 52.5 91 5.5 9

W75%
(dry year) 51.0 45.0 88 6.0 12

W95%
(very dry year) 41.0 34.5 84 6.5 16

Wiw 25%
(wet year) 12.0 10.6 88 1.4 12

Wiw 50%
(normal year) 10.0 9.1 91 0.9 9

Wiw 75%
(dry year) 9.0 7.9 88 1.1 12

Wiw 95%
(very dry year) 7.0 5.9 84 1.1 16

WEFlow 25%
(wet year) 55.0 48.4 88 6.6 12

WEFlow 50%
(normal year) 48.0 43.4 90 4.6 10

WEFlow 75%
(dry year) 42.0 37.1 88 4.9 12

WEFlow 95%
(very dry year) 34.0 28.6 84 5.4 16

3.2.1. Floods under Natural Flow Conditions

Under a natural flow regime, up to five to seven floods were observed during summer and
early autumn, and the most significant level rises occurred during July and August. Large floods
were typical for the lower reaches of the Bureya River, when the water level rise could reach 6–10 m
above the pre-flood water levels, causing flooding of settlements and agricultural lands. Over the
48-year observation period at the time of 1966, the water level fluctuations measured at the Kamenka
(Malinovka) stream gauge were 870 cm for the year with a 1% probability and 530 cm for the year
with 50% probability of exceedance. Large floods reoccurred every 10–11 years [18]. High floods were
observed in 1917, 1961, 1971, 1972, 1975, 1976, and 1984 [78].

The flushing water regime, during natural conditions, prevented the rapid overgrowth of
floodplain lakes. The waters of the Bureya River entered the oxbow lakes and flowed south through
them into the Amur River [61].

The water level rise, during the extraordinary flood of 1972, amounted to almost 9 m. The maximum
discharge reached 17,700 m3/s in July flow and rates above 10,000 m3/s were observed for five days.

The last major flood under natural flow conditions occurred in August 1984. The high level of
the Amur River created a backwater to the high flood on the Bureya River, thus the floodplains of
the Amur, Bureya and Yarchikha rivers were flooded. The water levels of the floodplain lakes were
very high, and the waters of the Bureya River merged with the waters of some oxbow lakes [79].
The flood of 1984 affected the high floodplain of the Bureya River and contributed to an increase in the
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fish productivity of its lakes after the drought, which reached its peak from 1980 to 1981. Maximum
river discharges of the Bureya river at Kamenka (Malinovka stream gauge) reached 5270–7630 m3/s
(with equivalent water levels 529–560 cm above the zero gauge). Local precipitation was 170 mm in
August with a climate average of 143 mm [80]. The watering of lakes in the Bureya floodplain occurred
under the following simultaneous conditions:

1. High water level of the Amur River;
2. High water level (discharge) of the Bureya River;
3. Prolonged and abundant local precipitation.

During the flood, the lakes were washed out of macrophytes. It can be assumed that the washing
of the lakes was ensured by the passage of a flood wave with a flow rate of more than 7000 m3/s
in combination with the high level of the Amur River and an excessive amount of precipitation.
Thus, the probable value of the flushing flow rate for the Bureya river at the Malinovka stream gauge
is 7000 m3/s.

The years after the flood of 1984 were the most productive in terms of the number of breeding
pairs of cranes and storks for all the observed years [60].

3.2.2. Floods under the Flow Regulation

Since the beginning of the Bureya dam operation in 2003, the maximum flow rate during summer
floods has significantly reduced (see Figure 4).

Figure 4. Maximum levels of the Bureya River at the Malinovka stream gauge decreased due to flow
regulation by dams.

The summer flood of 2013 was not extraordinary in the Bureya River basin, yet the water levels
were high as compared with an average summer. The maximum inflow to the Bureya reservoir reached
5175 m3/s, while the maximum water release from the reservoir was 3670 m3/s (see Figure 5), and the
maximum flow rate at the Malinovka stream gauge reached 3800 m3/s [81]. The provision of the
maximum daily inflow is estimated at approximately 80% probability of exceedance; as a result of flow
regulation, the maximum water level decreased at the Malinovka stream gauge by about 0.5 m [24].

The high-water level of the Amur River caused the backwater of the Bureya River and led to water
overflow into the floodplain and hydrological connectivity of the Bureya River and the floodplain
wetlands. Water of the Yarchikha River began to enter the Dolgoye Lake on August 19 (see Figure 6).
On that day, the water level of the Bureya River at the Malinovka stream gauge was 395 cm, the river
discharge was 3690 m3/s, and the water release from the Bureya reservoir was 3670 m3/s [81].
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Figure 5. Water inflow to and releases from the Bureya reservoir during the flood of 2013.

 

Figure 6. On 20 August 2013, the water of the Bureya River entered the Dolgoye Lake through the
Yarchikha River, ensuring the hydrological connectivity of the Bureya River and its floodplain wetlands.

A combination of the following conditions led to bank overflow and water access to the
floodplain lakes:

• a high-water level of the Amur River (800 cm above the reference point of the Innokentyevka
stream gauge) throughout August;

• excessive amount of precipitation (324 mm in August with a climate average of 143 mm for the
Arkhara meteorological station); and

• the water release from the Bureya reservoir of 3700 m3/s, which provided the water levels of
Bureya River at the Malinovka stream gauge of about 400 cm.

However, these conditions did not lead to the washing out of the lakes within the Bureya floodplain
in the Antonovskoye Forestry (see Figures 1 and 7A). At the same time, high water levels of the
Amur River, during the 2013 flood, washed out the lakes in the Amur floodplain in the Lebedinskoye
Forestry, located downstream from the mouth of the Bureya River, as this area was less affected by
flow regulation (see Figure 7B).
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Figure 7. (A) Dolgoye Lake in the Bureya floodplain was not washed out by the 2013 flood,
by O. Nikitina; (B) Lebedinoye Lake in the Amur floodplain was washed out by the 2013 flood
of overgrowth, by T. Parilova.

In 2019, high water levels of more than 400 cm above the reference point of the Malinovka stream
gauge were observed on the Bureya River, while the Amur River levels exceeded 800 cm above its
reference point at Innokentyevka. The combination of the Bureya and Amur rivers’ high-water levels
along with abundant rainfall (225 mm in July as compared with the climate average of 130 mm) ensured
the overbank flow and the floodplain inundation, as well as the water inflow into the floodplain lakes.
The maximum discharges ranged from 5160 to 5600 m3/s [81]; the lakes were not washed out due to the
decrease in the maximum levels by the dam and the extension of the flood peak in time (see Figure 8).

Figure 8. Water inflow to and releases from the Bureya reservoir during high-water period of 2019.

Comparison of hydrographs of 2013 and 2019 (Figures 5 and 8) reveals that, despite the higher
flow rates of water released from the Bureya reservoir in 2019, the flood of 2013 was more severe
because the water level of the Amur River during a major high-water period was higher than in 2019
(see Figure 9). This confirms the importance of the high-water level of the Amur River for defining the
flooding and environmental flow conditions in the Lower Bureya River basin.

169



Water 2020, 12, 2812

Figure 9. Water level of the Amur River at Innokentyevka stream gauge used to be higher for a major
high-water period in 2013 as comparing with in 2019.

4. Discussion

Next, we interpret our findings in order to develop recommendations for reducing the negative
impact of flow regulation and protecting freshwater and floodplain ecosystems in the Amur River basin.

4.1. Environmental Flow as a Basis for Freshwater Ecosystem Conservation

The construction of large dams, along with other negative factors, has led to the transformation
of many rivers in Russia, including the Amur River, and their freshwater and floodplain ecosystems.
For the Amur River basin, dam operation and flow regulation have led to the following: intra-annual
flow redistribution and changes to fluvial processes, disturbance in the conditions for natural
reproduction of aquatic organisms, a decrease in the area and period of floodplain flooding, loss of
hydraulic connection between the river and its floodplain, habitat fragmentation and transformation,
changes in species composition and diversity loss, a loss of fish spawning grounds and a decrease in
fish catches, etc. [11,12,82].

Water management planning should consider environmental flow as a basis for preserving and
restoring freshwater ecosystems. The recently released Emergency Recovery Plan for Freshwater
Biodiversity promotes the accelerated implementation of environmental flows as a priority action to
conserve and restore freshwater biodiversity. Other priority actions should also consider improving
water quality, protecting and restoring critical habitats, sustainably managing the exploitation of
freshwater species and river aggregates, preventing and controlling non-native species invasions,
and safeguarding and restoring freshwater ecosystem connectivity, including the protection of the
remaining free flowing rivers [13]. All these measures are highly relevant to the Amur River basin and
should be further developed.

4.2. Interpretation of the Results of the Environmental Flow Assessment in the Zeya River Basin

For the Zeya River basin, the problem of exceeding the determined values of water withdrawal is
not relevant currently and for the foreseeable future, although further assessments of critical conditions
and water withdrawal are important for small rivers of the Middle Amur River basin actively being
used for agriculture [83–85].

However, dam regulation of the intra-annual flow redistribution of the Zeya River, leads to
water withdrawal during the warm season, which is important for reproduction of aquatic biological
resources, as well as floodplain inundations. Under natural conditions, during the May to September
warm season, the Zeya River flow at the Belogorye stream gauge has contributed up to 95% of
the annual volume [18,45,46]. Due to flow regulation, the flow proportion in the Zeya River lower
reaches, for the warm season, is 65–75% of the annual flow [45,46], which is 15–20% lower than
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the calculated environmental flow (see Table 1) and indicates a high level of Zeya River freshwater
ecosystem transformation.

To ensure sustainable spawning of phytophilic fish and to maintain the floodplain ecosystems,
the overbank flow should occur at the Lower Zeya reaches in wet years (25% probability of exceedance),
at least once every four to five years. The average lifespan of the Amur pike (Esox reichertii) is three
to five years, the Prussian carp (Carassius gibelio) lifespan lasts six to seven years, and the lifespan
of the Amur carp (Cyprinus carpio) is more than 12 years [20]. In wet years, the environmental flow
volume of high-water years should reach 48 km3 during the May to September period (see Table 1).
According to the natural flow regime, the Zeya River discharge at the Belogorye stream gauge should
exceed 6500 m3/s for 15–20 days in June and July and be formed by the releases from the Zeya reservoir
and lateral inflow. Environmental flow release indicators for the Zeya basin could be fish stocks and
catches under different water conditions, and the meadow vegetation productivity of the floodplain.

The analysis shows that bank overflow has occurred only once every five to ten years and for less
than 10 days since the Zeya dam was fully completed in 1984. This is not enough to ensure proper
conditions for the reproduction of aquatic organisms. In addition, environmental and fishing flow
releases at the Zeya dam are unfeasible for technical reasons, as the opening of the spillway gates of
the dam can only be carried out after the reservoir is filled to the 317.5 m mark. During the winter
period, the reservoir level decreases to 309–310 m, and during the summer flood period, the level rises
to 313–315 m, rarely reaching 317.5 m [86].

Changing the operating rules of the existing dams is important to restore freshwater and floodplain
ecosystems and ecosystem services that have already been affected by the dam construction and
operation. However, if the environmental flow releases were not initially included in early project
stages, it may become technically impossible during operation, as evidenced by the Zeya hydropower
dam. Furthermore, long-term dam operation reduces the likelihood of environmental flow releases
being implemented since floodplains have already been developed by humans and floods and would
have resulted in socioeconomic losses. Therefore, any construction within the floodplain that affects
the state of the ecosystem should be strictly limited and thoroughly examined, especially within the
area of a low floodplain, which should be noted in the Water Code.

In the future, technical restrictions for water releases from the Zeya reservoir below the 317.5 m
mark should be solved, in order to allow environmental flow release implementation. For example, in
2011, an additional shore spillway of the Sayano-Shushenskaya hydropower dam was commissioned
on the Yenisey River. The Sayano-Shushenskaya dam is the largest hydropower station in Russia in
terms of installed capacity. The spillway was built, because of the need to improve the reliability and
safety of hydraulic structures, to allow an additional passage of flow rates up to 4000 m3/s during
high-water periods and floods, and thereby reduce the load on the dam body [87]. Creation of a similar
technical solution at the Zeya dam would allow implementation of environmental flow releases and
also improve regulation of the Zeya dam management during severe and catastrophic floods. In turn,
this would reduce the negative social and economic consequences of floods.

The large-scale flood of 2013 demonstrated that the floodplains of the Lower Zeya and the Amur
rivers below their confluences were inundated, and the oxbow lakes were washed out, with high levels
caused by the flow of unregulated tributaries of the Zeya River, such as the Selemdzha, Tom, Urkan,
and Dep rivers. The average long-term value of the lateral inflow of the Zeya River, in the section
from the Zeya hydropower dam to the Zeya mouth, is about twice as large as the inflow into the Zeya
reservoir [35]. With their natural water regimes, the tributaries contribute to the preservation of the
most ecologically valuable freshwater ecosystems of the Lower Zeya River basin. They also provide
optimization of the thermal regime and other ecological functions [3], thereby improving conditions
for reproduction of aquatic organisms in the Lower Zeya River basin. This indicates the importance of
their preservation and the need for preventive protection from future flow regulation by the dams.
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4.3. Determination of Environmental Flow Releases From the Bureya Reservoirs and Recommendations for
Their Implementation

The interim operating rules for the Bureya reservoir include the option of implementing
environmental flow releases to ensure environmental sustainability of the floodplain area located
downstream from the Bureya dam [88,89]. The environmental flow releases should be aimed at periodic
inundation of the floodplain, its wetlands, especially the floodplain lakes and channels. The releases
should maintain the hydrological connectivity of the rivers and lakes and prevent the lakes overgrowth.
The environmental flow release should be defined considering flood frequency and magnitude during
the natural flow regime, which would ensure inundation of the floodplain and its wetlands and
washing of the floodplain lakes.

The Bureya reservoir and the Bureya lower reaches have no commercial fishery value and the
natural habitat for fish has been significantly disturbed by flow regulation [63]. Commercial fishing
demands have been fulfilled by the construction of the Aniuysky fish hatchery in the Khabarovsky
Krai as a compensation measure for the Bureya dam construction and operation. As agreed with the
fishery authorities, releases from the Bureya reservoir to maintain conditions for fish should not be
provided [77]. Therefore, the commercial fishery requirements were not considered when defining
environmental flow releases.

Under flow regulation, wetlands inundation of the Bureya floodplain occurs under a combination
of the following factors:

• a high-water level of the Amur River of more than 800 cm above the reference point at the
Innokentyevka stream gauge;

• a water level of the Bureya River of 400 cm or more above the reference point at the Malinovka
stream gauge, with water discharge from the Bureya and the Lower Bureya reservoirs of more
than 3700 m3/s;

• excessive rainfalls in July and August, providing a large amount of water in the floodplain lakes.

If the Amur River water level is not high, the Bureya River bank overflow occurs at a discharge
rate of 6000 m3/s at the Malinovka stream gauge. The bank overflows maintain the hydrological
connectivity of the Bureya River with the valuable wetlands of its floodplain. To ensure sustainable
conditions of the freshwater ecosystem, the environmental flow release should also wash out the oxbow
lakes at a flow rate of 7000 m3/s, while ensuring the conditions for non-flooding of settlements [90,91].

On the basis of the obtained results, the following recommendations for the environmental flow
release implementation from reservoirs on the Bureya River are proposed:

1. To ensure the hydrological connectivity of the Bureya River and the wetlands of its floodplain in
the lower reaches of the Bureya River, the water should be released at rates of 3700 to 7000 m3/s
for 10–15 days in July or August. The release rate should consider the Amur River level at
the Innokentyevka stream gauge to ensure settlements are not flooded while providing the
environmental flow for ecosystem conservation.

2. To halt the lakes overgrowth by cleaning the lakes of macrophytes, the duration of the maximum
water releases of 6000–7000 m3/s should last for two to three days in July or August. The value of
the flushing flow rate can be adjusted during hydrological monitoring.

3. Environmental releases should be implemented at least once every six to seven years.
This frequency exceeds the frequency of large floods under natural water conditions, which have
occurred once every 10–11 years. Given the reduction in flood magnitude, a reduction in the time
span is a compensation measure aimed at preserving wetlands under flow regulation.

Environmental flows should be released from the Bureya reservoir because it retains a large
volume of water with sufficient capacity to provide such high volumes, unlike the smaller Lower
Bureya reservoir to which it is coupled.
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Indicators of the effectiveness of environmental flow releases could include the area of lakes and
the rate of their overgrowth, the washing of channels and floodplain lakes from organic debris, the food
supply for birds, i.e., the abundance of fish inhabiting wetlands, and the number of ichthyophagous
birds, including storks and cranes.

The effectiveness of environmental flow releases can be assessed by hydrological monitoring.
In 2019, we organized hydrological monitoring on the lakes of the Khingansky Nature Reserve with
the support of the World Wide Fund for Nature in order to assess lake dynamics under the influence
of flow regulation and climate changes. Subsequent expansion of the monitoring program should
allow us to determine the water levels at which the water of the Bureya side enters the Dolgoye Lake
through the Yarchikha River. Field observations could be supplemented with satellite imagery or
terrain surveys using drones to identify the conditions under which the Bureya bank overflow occurs
and hydrological connectivity is ensured.

Environmental flow release implementation in the Bureya River basin should help to preserve the
valuable wetlands of the East Asian–Australasian Flyway, and therefore contribute to conservation
of endangered bird species. In particular, the environmental releases should help to reduce the
negative effect of flood regulation during droughts and to preserve the nesting grounds of cranes.
In addition, these releases should indirectly contribute to the improvement of the conditions of natural
fish reproduction in the Amur River, downstream of the confluence of the Bureya River, due to the
spawning grounds inundation.

Furthermore, the filling of the Bureya reservoir in July and August should be limited by the reservoir
to a level of 254.0 m in order to avoid the inundation of the Chekunda settlement located upstream
from the dam [90]. This point is an additional incentive for environmental flow implementation.
An additional effect of environmental flows would be the floodplain preservation of the Lower Bureya
and the Amur rivers below the confluence of the Bureya River from anthropogenic development,
primarily from agriculture and settlement development. Along with minimizing the negative impact
of flow regulation on freshwater and floodplain ecosystems, this would contribute to the Amur River
basin adaptation to floods.

In order to increase the effect of the environmental flows and to improve hydrological connectivity
of the Bureya River and the floodplain lakes, it is necessary to expand culverts to allow the Yarchikha’s
water to easily flow under a road to the Dolgoye Lake in the Khingansky Nature Reserve.

The recommendations developed will be presented to the Federal Water Resources Agency for
further discussion and clarification, in order to be included in the Operating Rules for reservoirs of the
Bureya River and further implementation.

A relevant example of an environmental flow release is a dam re-operation of the Three Gorges
Dam on the Yangtze River in China. The main functions of the dam include producing electricity
and controlling floods downstream from the dam. Since 2011, environmental flow releases have been
promoting Chinese carp spawning and propagation. However, although the environmental flow
releases have improved environmental conditions, the number of fish is still far below the baseline
values before the dam construction [17,88]. Another encouraging example is a water reservation for
environmental purposes in the San Pedro Mezquital River Basin in Mexico. The wetlands of the large
free-flowing river basin include mangrove forests belonging to the Marismas Nacionales Biosphere
Reserve, which have been recognized as a Ramsar Site. The river is not water stressed in its middle
and lower reaches, however, there have been concerns about future possible development in the river
basin, including the Las Cruces hydropower dam construction. In 2014, an Environmental Water
Reserve was established, with approximately 80% of its mean annual flow aimed at ensuring water
and nutrient supply to the valuable wetlands, while the biological monitoring was focused on their
mangroves [17,89].
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4.4. The Legislative Changes Needed

Global experience demonstrates that the key factors for successful implementation of
environmental flows include legislation on environmental flow and research on the impact of dams
on the environment, as well as experimental monitoring of the efficiency of the environmental
flow implementation [17,92]. For example, environmental flows have been incorporated into water
legislation in South Africa and implemented through legally mandated catchment management
agencies. The Crocodile River is an example of an environmental flow implementation. Another
example of proactive reservation of flows for the environment is the National Water Reserves Program
in Mexico [17,89]. This initiative sets sustainable water allocation limits for 189 rivers across the country,
considering the social and economic benefits of environmental flows. The current water legislation
in Russia does not include the requirements for environmental flows. The definition of terms for
permitted surface water withdrawal, environmental flow, and environmental flow release should be
introduced into the Water Code of the Russian Federation to indicate their key role in the freshwater
ecosystem conservation.

4.5. Impacts of Climate Change on Flow Regime and Adaptation to Floods

Global climate changes have impacted the hydrological regime of the rivers in the Amur River
basin [93], causing an increase in the frequency and power of floods, erosion of riverbanks, and instability
of ice phenomena in the rivers [94]. Over time, climate-driven transformation of freshwater ecosystems
can lead to a change in the habitats of flora and fauna [1,95]. Climate change and its associated risks
should be assessed to develop appropriate adaptation measures for a river basin [33,94].

The studies conducted for the Zeya and Bureya rivers confirm that the maximum flows have
an important ecosystem role in the maintenance of freshwater and floodplain ecosystems and their
ecosystem services in the Amur River basin. At the same time, floods cause socioeconomic losses for the
Amur region. Therefore, when determining the environmental flow regime, the allowable maximum
flow reduction should be determined, as well as the magnitude, timing, frequency, and duration of
maximum flows. A sufficient value for the maximum flow should both ensure the ecosystem functions
of water and floodplain ecosystems, as well as consider the socioeconomic aspects, including the
protection of territories from catastrophic floods. Further assessments of environmental flows should
consider various climate change scenarios and their impacts on flow regimes.

Infrastructure development in floodplains has increased the number of people affected by floods in
the Amur River basin. Following the results of the catastrophic flood of 2013, the recommendations for
flood management have primarily included hard engineering measures such as construction of large
dams and reservoirs, levee systems construction, and canal widening and deepening. Some reservoirs
have been proposed on already modified tributaries such as the Zeya River, while other designs
have targeted still free-flowing tributaries, such as the Selemdzha River [41,42,96,97]. In our opinion,
construction of additional flood protection dams and reservoirs will not solve the problem of catastrophic
floods. At the same time, the creation of reservoirs has been associated with a significant impact on
ecosystems [3–7,9,11,12,72,82]. Therefore, the number of new dams should be strictly limited. Prior
to the flood control reservoir project design, less harmful alternatives to the environment should be
evaluated and carefully analyzed within the basin management plans. In the case of an urgent need to
construct a dam, environmental flow releases should be included at the earliest stages of the project,
taking into account basin planning and assessing the impact of a dam on the entire river basin instead
of assessing the impact on the local area.

A broader approach to flood adaptation should emphasize the need to implement nature-based
solutions, such as protection of flood retention capacities of the floodplains and their wetlands [33,96,97].
Additionally, improved land management at the watershed level is needed to find the optimal balance
between the ecosystems’ ability for water retention and regulation and economic development.
These solutions can reduce the impact of extreme floods, while also helping to sustain floodplain
ecosystems which are among the most productive and biodiverse habitats on the planet.

174



Water 2020, 12, 2812

Economic, social, and environmental costs of floodplains properly managed for flood retention
are lower than the costs of flood-retention reservoirs and other hard engineered measures. During the
2013 flood, in the Amur River basin, the volume of water accumulated by floodplains was higher than
the volume of the existing and any planned hydropower reservoirs together [97,98]. In the future,
recommendations should be prepared for establishing protected areas in floodplains that are particularly
important in terms of accumulating floodwaters and preserving valuable natural ecosystems.

5. Conclusions

Floods are important for maintaining the biodiversity of freshwater and floodplain ecosystems
in the Amur River basin. During high floods, the Amur River overflows for tens of kilometers and
forms a backwater with its tributaries, inundating their floodplain ecosystems, washing out old lakes,
providing a positive effect on fish reproduction, and increasing the fertility of floodplain soils. At the
same time, floods cause socioeconomic losses for the Amur region. On the Zeya and Bureya rivers in
Russia, three large dams have been built to generate electricity and protect the population from floods.

Flow regulation is one of the key factors determining the state of freshwater ecosystems in the Amur
River basin. Decreased maximum water levels downstream of the Zeya dam have led to a reduction in
fish spawning grounds and a decrease in their food supply, which have severely reduced fish numbers.
Floodplain lakes and river channels have become overgrown. Rare inundation has caused changes in
the land use of the floodplain areas of the Zeya River. Flow regulation has worsened the habitat for
birds affected by dams in the Bureya floodplain, which has been especially important for the Ramsar
site of the Khingano-Arkharinskaya Lowland, an important nesting area for endangered bird species
such as the Oriental stork (Ciconia boyciana), red-crowned crane (Grus japonensis), and white-naped
crane (Grus vipio).

To reduce the negative impact of flow regulation and to preserve freshwater and floodplain
ecosystems, it is necessary to implement environmental flow releases, which would flush the channels,
the spawning grounds, and the oxbow lakes; increase the fertility of floodplain soils; and ensure the
proper water regime for wetlands, thereby preserving them.

The volumes of permitted surface water withdrawal and environmental flow for different water
years and seasons have been determined for the entire Zeya River basin. The problem of surface water
withdrawal is not relevant for the Zeya River basin, since the actual water withdrawal is less than 1%
of the permitted volume. At the same time, the flow proportion during the warm season has decreased
from 95 to 75%, which was 10–15% less than the calculated volume for environmental flow and has
negatively impacted the state of freshwater water and floodplain ecosystems. It is recommended to
inundate the floodplain at least once every five years for 15–20 days. However, environmental flow
releases from the Zeya reservoir are impracticable due to technical reasons. Therefore, the importance
of preserving the free-flowing tributaries of the Zeya River increases. With their natural water and
thermal regimes, the tributaries contribute to the preservation of freshwater and floodplain ecosystems
in the lower reaches of the Zeya basin. Future technical improvements at the Zeya hydropower
dam would enable implementation of environmental flow releases, as well as improve the Zeya dam
management regulation during severe and catastrophic floods and reduce negative social and economic
consequences of floods.

To ensure hydrological connectivity between the river and wetlands and washing out of
old lakes and channels in the Bureya floodplain, we recommend providing water discharges of
3700 to 7000 m3/s from the Bureya reservoirs for 10–15 days in August. To flush the oxbow lakes,
the high-water discharges of 6000–7000 m3/s from the Bureya reservoirs should last for two to three
days. Environmental flow releases should be implemented at least once every six to seven years. They
should help preserve the important Ramsar wetlands of the Khingano-Arkharinskaya Lowland, which
provide habitats for populations of endangered bird species while avoiding flooding of settlements.
In addition, environmental flow releases should indirectly contribute to improved conditions for
natural reproduction of fish in the Amur River, downstream from the confluence of the Bureya River.
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An additional effect of the environmental flow releases would be the preservation of the Lower Bureya
floodplain from development within flood-prone areas, which will contribute to the adaptation of the
Amur River basin to floods.

Environmental flow legislation is the key factor for successful implementation of environmental
flows. The definition of the terms for permitted surface water withdrawal, environmental flow,
and environmental flow release should be introduced into the Water Code of the Russian Federation,
indicating their key role in freshwater ecosystem conservation. Any construction within the floodplain
that affects the state of the ecosystem should be strictly limited and thoroughly examined, especially
within the area of a low floodplain, which should be noted in the Water Code.

The conducted studies confirm that maximum flows have an important ecosystem role in
maintaining freshwater and floodplain ecosystems and their ecosystem services in the Amur River
basin, but, at the same time, cause socioeconomic losses for the population. Therefore, when
determining environmental flows, the allowable maximum flow reduction should be determined.
A sufficient flow value should ensure the ecosystem functions of water and floodplain ecosystems
while considering the protection of territories from catastrophic floods. Further environmental flow
assessments should consider scenarios of climate change and their impact on the flow regime.

Global climate changes can lead to an increase in the frequency and power of floods. Prior to
flood control reservoir project design, alternatives that are less harmful to the environment should be
evaluated. Nature-based flood adaptation to floods should include measures such as protecting flood
retention capacities of the floodplains and establishing protected areas in floodplains for simultaneously
accumulating floodwaters and preserving ecosystems.
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Abstract: Water-resource managers are challenged to balance growing water demand with protecting
aquatic ecosystems and biodiversity. Management decisions can benefit from improved understanding
of water-withdrawal impacts on hydrologic regimes and ecological assemblages. This study used
ecological limit functions for fish groups within the Tennessee and Cumberland River basins to
predict species richness responses under simulated constant-rate (CR) and percent-of-flow (POF)
withdrawals and for different minimum flow level protections. Streamflow characteristics (SFC)
and richness were generally less sensitive to POF withdrawals than CR withdrawals among sites,
fish groups, and ecoregions. Species richness generally declined with increasing withdrawals, but
responses were variable depending on site-specific departures of SFCs from reference conditions,
drainage area, fish group, ecoregion, and minimum flow level. Under POF withdrawals, 10% and
20% daily flow reductions often resulted in loss of <1 species and/or ≤5% richness among fish groups.
Median ecological withdrawal thresholds ranged from 3.5–31% for POF withdrawals and from
0.01–0.92 m3/s for CR withdrawals across fish groups and ecoregions. Application of minimum
flow level cutoffs often resulted in damping effects on SFC and richness responses, indicating that
protection of low streamflows may mitigate hydrologic alteration and fish species richness loss
related to water withdrawals. Site-specific and regionally summarized responses of flow regimes and
fish assemblages under alternative withdrawal strategies in this study may be useful in informing
water-management decisions regarding streamflow allocation and maintaining ecological flows.

Keywords: environmental flows; water management; water withdrawal; fish species richness; streamflow
alteration; withdrawal threshold; minimum flow level; percent-of-flow; presumptive standard

1. Introduction

The natural flow regime is considered a master variable in determining lotic ecosystem processes [1].
It is well documented that alterations of streamflow regimes pose significant threats to riverine
ecosystems and biodiversity worldwide [2–6]. Many studies have shown that aquatic communities
can be negatively impacted by alteration of the magnitude, timing, and/or duration of flows to which
they are adapted [2,4–8]. Water withdrawals for domestic, agricultural, and industrial purposes
can directly reduce streamflow quantity and disrupt the natural timing and variability of flows [9].
With increasing human population and intensifying land-use practices, global water withdrawals have
already increased dramatically over the past 50 years [10] and are expected to continue [11].

Effects of streamflow alteration on fish have been shown to be variable and context dependent
but can have significant negative impacts on fish growth, reproduction, and survival, and ultimately
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community composition and diversity [5,8]. For example, altered streamflow variability has been
associated with a loss of species richness [5], particularly among riffle-dwelling species [12,13],
and reductions in streamflow via water withdrawals have been shown to impact the composition
and structure of fish assemblages, specifically the occurrence and proportion of fluvial-dependent
species [14,15].

As the global water demand continues to intensify, water-resource managers face increasing
challenges to satisfy societal water needs while also protecting ecosystem flow requirements and
biodiversity [6,16–18]. In the past several decades, much effort has been given to developing
statistical and methodological frameworks to describe and quantify flow-ecology relationships to
better inform resource managers and set conservation targets [3,18–23]. Despite increasing awareness
of the importance of flow-ecology relationships [16,18,24] and continuing efforts to translate these
relationships into decision support systems, the integration and implementation of ecological-flows
management guidelines are continuing challenges at local and regional scales [25–27].

Resource managers seek accessible and easily implemented guidelines on water-withdrawal
practices [18]. For example, minimum flow requirements and protection of minimum flow levels
(MFL), which prohibit withdrawals when streamflow falls below specified critical levels, were some of
the earliest ecological flow management strategies and are still commonly utilized [28]. However, it is
well recognized that employment of MFLs alone are often insufficient to protect stream integrity across
a range of hydrologic conditions [1,18,26,29]. Constant-rate (CR) withdrawal strategies are generally
fixed withdrawal rates and are not related to changes in ambient flows. CR withdrawals are commonly
used, proposed, or permitted for various surface and groundwater-withdrawal purposes based on
the amount of water needed (i.e., consumer demand), the overall withdrawal capacity (i.e., supply
and pumping capacity) of a facility, or basic rules-of-thumb, rather than on empirical, evidence-based
ecological-flow relationships or dynamic environment and flow conditions. The potential for hydrologic
and ecologic impacts of CR withdrawals can be quite high because CR withdrawals can strongly affect
the streamflow regime by altering the natural (or baseline) variability of flows, particularly aspects
of low flow. On the other hand, variable-rate water-withdrawal strategies based, for example, on
set percentages of the natural or baseline flow regime (i.e., percentage-of-flow, POF) are increasingly
recognized as attractive water-management strategies because they exert proportional withdrawals on
the underlying flow regime and thereby are better suited to preserving natural variability of flows
across the entire hydrograph [29,30]. More recently, presumptive POF water-withdrawal standards
have been proposed at 10–20% of daily streamflow [30] which, in theory, inherently provide ecological
protection. POF withdrawals and presumptive standards are conceptually simple strategies that can be
easily adopted by water-resource managers, but implementation of POF withdrawals requires accurate
streamflow measurements on a frequent time step (e.g., daily), and the ability to adjust withdrawal
rates in real time. Although the vast majority of streams are ungauged, discrete or instantaneous
streamflow can be measured using relatively simple methods [31], and prediction of steamflow at
ungauged locations may be possible using basin-area/runoffmodels [32].

Possible disconnects exist between the cost, time, and amount of information needed to
establish sound evidenced-based environmental flow requirements versus the type and urgency
of information often sought by resource managers. These mismatches can prohibit or slow the
practical implementation of flow-ecology guidelines, particularly under contentious social, political,
and economic contexts [19,21,26]. In the meantime, water-resource managers and regulators are
commonly left to make decisions based on generalized rules-of-thumb and experience rather than
evidence-based approaches [18,21,26,33].

Water-management decisions associated with permitting and allocation of water withdrawals can
benefit from a better understanding of how different streamflow-withdrawal strategies impact ecological
communities and the establishment of evidence-based guidelines to balance water withdrawals
and protection of ecological assemblages [18,27,30]. Specifically, current understanding is limited
regarding the range of potential ecological responses along a gradient of hydrologic alteration
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scenarios (i.e., so-called “top-down” approach; [19]) using plausible water-management strategies
(e.g., water-withdrawal rates and MFL protections). Additionally, there is little consensus regarding
what might be considered ‘acceptable’ limits of ecological change (e.g., species loss) or biological
condition with which to establish potential ecological-flow thresholds [21,22,34,35]. Despite the
growing number of ecological-flow studies investigating ecological responses in relation to various
types of flow alteration (e.g., related to climate change, impoundments, withdrawals, and land-use
changes) [5,17,26,34,36], few have explored these relationships in an incremental fashion across
relatively long alteration gradients or set out to identify ecological or hydrologic thresholds.

This study expands on a series of previously developed hydrologic and ecological relationships
within the Cumberland River and Tennessee River basins [37–41]. We used published ecological-limit
functions (ELFs) [39,41] for fish groups within Blue Ridge (BR), Ridge and Valley (RV), Interior
Plateau (IP), and Cumberland Plateau (CP) Level III ecoregions [42] to model incremental changes
in streamflow characteristics (SFCs) and species richness responses along gradients of simulated
withdrawal scenarios. We ran these simulations using simplified CR and POF withdrawal strategies
and different MFL protections. The primary objectives of this study were to (1) simulate water
withdrawals and characterize potential hydrologic and ecological impacts of CR and POF scenarios
and (2) identify potential withdrawal thresholds below which conservative levels of species richness
loss may be minimized.

We investigated the following general hypotheses related to hydrologic and ecological impacts of
CR compared to POF withdrawals: (1) SFCs should be less sensitive to POF withdrawal scenarios than
to CR withdrawals, particularly SFCs associated with flow ratios, frequency, variability, and timing
of flows; (2) resulting predicted fish species richness should generally decrease with increased water
withdrawals regardless of CR or POF withdrawals; and (3) application of MFLs should generally
dampen patterns of change of SFCs, species richness, and withdrawal threshold responses regardless
of CR or POF withdrawals.

2. Materials and Methods

Data analyses and prediction of ecological effects of water-withdrawal scenarios were performed
using flow-ecology relationships (i.e., ELFs) that were developed in a series of previously published
studies conducted on stream sites within the Tennessee and Cumberland River basins [37–39,41].
In [37], a large suite of SFCs were statistically related to metrics of fish diversity at select free-flowing
gauged stream sites and a subset of ecologically significant SFCs were identified for the BR, RV, CP,
and IP ecoregions (see Table 1).

Table 1. Definitions of streamflow characteristic (SFC) used in ecological limit functions and the
respective ecoregion(s) where they were found to be statistically significant; modified from [39].

Flow
Category

Streamflow
Characteristic (SFC)

Definition (Units) Eco-Region

Magnitude

MA41: mean
annual runoff Annual mean streamflow divided by the drainage area (ft3s−1mi−2) RV, CP

AMH10: maximum
October streamflow

Maximum October flow across period of record divided by watershed
area (ft3s−1mi−2) BR, CP, IP

LRA7: rate of
streamflow recession

Log of the median change in log of flow for days that the change is
negative across the entire flow record (flow units per day) IP

Ratio

LDH13: average
30-day maximum

Log of the average over period of record of annual maximum 30-day
moving average flows divided by median for entire record CP

ML20: base flow

Divide daily flow record into 5-day blocks. Assign minimum (min.)
flow for the block as a base flow if 90% of that min. flow is less than
the min. flows for blocks on either side; otherwise, set to zero. Fill in
zero values using linear interpolation. Compute total flow and total
base flow for entire record. ML20 is total flow: total base flow (ratio)

CP

TA1: constancy Measure the stability of flow regimes by dividing daily flows into
predetermined flow classes RV, CP, IP
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Table 1. Cont.

Flow
Category

Streamflow
Characteristic (SFC)

Definition (Units) Eco-Region

Frequency FH6: frequency of
moderate flooding

Average number of high-flow events per year ≥ 3 times the median
annual flow for the period of record (number per year) IP

Variability

LDL6: variability of
annual minimum daily

average streamflow

Log of the standard deviation for the annual minimum daily average
streamflow. Multiply by 100 and divide by the mean streamflow for

the period (%)
CP

LDH16: variability in
high-pulse duration

Log of the standard deviation for the yearly average high-flow pulse
durations (daily flow > 75th percentile) (%) RV

FL2: variability in
low-pulse count

Coefficient of variation for the number of annual occurrences of daily
flows < 25th percentile RV

Timing TL1: annual min. flow Date of annual mininum (min.) flow occurrence (Julian day) CP, IP

Hydrological reference profiles (i.e., interquartile ranges; IQR) of SFCs were then defined for
reference streams within BR, RV, and IP [38,39] and CP [41]. Finally, ELFs were developed using
quantile regression that described the upper limits (≥85th quantile) of species richness responses
among different fish groups as a function of the hydrologic departure from reference of SFC(s) among
streams within BR, RV, and IP [39] and CP [41].

2.1. Study Area

The geographic scope of this study includes the Tennessee and Cumberland River basins, which
together drain approximately 150,000 km2 in Tennessee, Virginia, Georgia, Alabama, Mississippi,
and Kentucky in the USA (Figure 1). Population growth, intensification of land-use practices, and
growing demand for surface water and groundwater throughout this region pose increasing risks for
hydrologic alteration and degradation of water quality [10]. Further, with more than 250 species of fish,
115 crayfish, 141 freshwater mussels, and 160 aquatic snails, including more than 100 taxa identified as
being at risk, the Tennessee and Cumberland River basins collectively represent a major concentration
of North American freshwater biodiversity and one of the most diverse temperate freshwater systems
in the world [43,44].

Figure 1. Distribution of selected stream sites within Level III ecoregions of the Tennessee and
Cumberland River basins.
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The Tennessee and Cumberland River basins transect multiple Level III ecoregions [42], including
the Blue Ridge, Ridge and Valley, Interior Plateau, and Southwestern Appalachians. The Southwestern
Appalachians Level III ecoregion generally corresponds with the ‘Cumberland Plateau’ physiographic
section [45] (Figure 1). In order to maintain consistency with adjacent ecoregion boundaries used in [39],
as well as maintain consistency of ecoregion terminology used in [41], we refer to the Southwestern
Appalachians Level III ecoregion as the Cumberland Plateau (CP) throughout this paper.

2.2. Site Selection

U.S. Geological Survey (USGS) streamgauge sites within the Cumberland River basin (4-digit
hydrological unit code, HUC4: 0513) and Tennessee River basin (HUC4s: 0601, 0602, 0603, 0604) and
within BR, RV, CP, and IP Level III ecoregions [42] were initially screened for inclusion. USGS sites
with drainage areas ranging from 26–3890 km2 and with daily streamflow records for a minimum of
15 complete water years (following recommendations in [46]) between 1975 and 2016 were retained for
this study. Prior or existing hydrologic alteration was not considered for site selection. Web-based
satellite imagery was used to identify water-control structures and streamgauge sites within close
downstream proximity were excluded from analysis. Sites located outside the geographic extent of
stream sites used in prior model development [38,39,41] were also excluded. For example, development
of ELFs for CP streams was based on sites and datasets from the northern portion of the ecoregion [41]
and thus USGS streamgauge sites from the southern portion of CP were not used in this analysis (see
Figure 1). Out of 641 USGS daily streamgauge sites across the HUC4s, a total of 112 USGS sites were
retained across the four ecoregions: IP, 41 sites; CP, 11 sites; RV, 25 sites; and BR, 35 sites (Figure 1).
To assess potential patterns associated with stream size, sites were categorized according to drainage
area: 25–130 km2, 130–260 km2, 260–780 km2, 780–1300 km2, 1300–2600 km2, and 2600–3890 km2.

2.3. Water-Withdrawl Models

Mean daily streamflow data for each of the retained stream sites were accessed from USGS
National Water Information System (NWIS) database [47]. Hydrologic data sets were queried using the
“dataRetrieval” package [48] and R statistical software [49]. For each site, water-withdrawal scenarios
were simulated from these observed (baseline) streamflow datasets. For this study, simulated water
withdrawals were assumed to be the only source of streamflow alteration during the period of record
for each site and previous or existing alterations (e.g., upstream withdrawals or effluent discharges)
were assumed to be negligible.

2.3.1. Constant-Rate (CR) Withdrawals

The CR withdrawal model simulated the application of a constant-rate of water withdrawal across
the entire period of record for each site, regardless of variability in ambient daily streamflow. A series
of incremental CR withdrawal scenarios, ranging from 0.003 to 0.028 m3/s by 0.003 m3/s increments and
0.028 to 1.416 m3/s by 0.028 m3/s increments, were individually simulated for each site by subtracting
simulated withdrawals from the baseline daily streamflow data set. CR withdrawal scenario increments
were initially constructed using cubic feet per second (ft3/s) units and then later converted to metric
units. A total of 60 CR withdrawal scenarios (i.e., hydrographs), including the baseline dataset, were
simulated for each site and for each of 4 MFLs (detailed in Section 2.3.3). Because the amount of
daily withdrawal was held constant during high or low flows, CR withdrawals were anticipated to
disproportionately affect periods of low streamflow (Figure 2a).
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Figure 2. Example daily hydrographs of (a) constant-rate and (b) percent-of-flow water-withdrawal
scenarios and minimum flow levels (MFLs). MFL0 hydrographs represent the absence of any MFL
protection; MFL5 represents a MFL set at 5% of the mean annual flow. Daily streamflow values
extending below y-axis represent flows at or near 0 m3/s on log10 scale.

2.3.2. Percent-of-Flow (POF) Withdrawals

The POF model simulated the withdrawal of set percentages of measured daily streamflow
for each site, ranging from 1% to 40% daily streamflow withdrawal at 1% increments (i.e., total
of 41 POF withdrawal scenarios, including the baseline data set, for each site and for each MFL).
For the POF model, the absolute amount of simulated water withdrawal during high flows is greater
than during low-flow periods, although the relative proportion of withdrawals is held constant.
In general, hydrographs simulated under incremental POF withdrawal scenarios were anticipated to be
susceptible to an overall reduction in streamflow magnitude but, in contrast to CR withdrawals, POF
scenarios should theoretically better preserve aspects of timing, ratios, and variability of streamflows
in relation to the baseline hydrograph for each site (Figure 2b). To prevent simulation of unrealistic
daily withdrawal rates during higher flows (i.e., withdrawals beyond the pumping capacity of most
facilities), a maximum instantaneous withdrawal limit was set at 1.41 m3/s, which was approximately
the 99th percentile of all reported annual mean monthly withdrawals from permitted water-withdrawal
facilities across Tennessee during 2010 [50].

2.3.3. Minimum Flow Level (MFL) Protection

Four MFLs were applied to each incremental withdrawal scenario to investigate the potential
effects of low-flow protections on simulated CR and POF withdrawals. MFLs were defined as set
daily streamflow values below which additional withdrawal was prohibited. MFL scenarios were
applied at 0%, 5%, 10%, and 30% (MFL0, MFL5, MFL10, MFL30, respectively) of the mean annual daily
flow calculated for the period of record of each site. MFL0 represents the absence of minimum-flow
protection such that streamflow was allowed to be withdrawn to 0 m3/s under certain circumstances
(see Figure 2a). Withdrawal scenarios using MFL0 were used as the basis for comparison of the
hydrologic and ecologic effects of simulated water withdrawals. Importantly, for both CR and POF
models, water withdrawals were treated as ‘consumptive’, meaning that water returns (i.e., effluent
discharges) from upstream withdrawals were not accounted for.

2.4. Data Processing and Analyses

2.4.1. Calculation of SFCs

Prior to simulation of water withdrawals, baseline daily streamflow datasets were formatted for
compatibility with the EflowStats R package [51]. The core functions of EflowStats calculate a series of
SFCs from a daily streamflow data set, using water years defined as 365 daily flow values beginning
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on 1 October of one year and ending on 30 September of the following year(s). Gaps in the daily
hydrograph were identified and incomplete water years were removed. The final baseline data set for
each site consisted of either one continuous or several non-continuous periods that together totaled a
minimum of 15 complete water years.

For each site, SFCs were calculated for each data period for (1) the baseline (observed) hydrograph
and (2) hydrographs simulated under each incremental withdrawal scenario using CR and POF
withdrawal models. For sites with multiple data periods (i.e., sites with gaps in the streamflow record),
average SFC values were taken across periods for each withdrawal scenario. For example, for a site
with two data periods—a 5-year period and a 10-year period—SFCs were calculated for each period
and a weighted average was calculated using the number of water years as the weighting variable.
SFC values for each withdrawal scenario were then transformed to standardized (unitless) values
using published mean and standard deviation values of SFCs and formulae previously reported in [38].

2.4.2. SFC Sensitivity

Patterns of changes in standardized SFCs in response to incremental water-withdrawal scenarios
were visually assessed by plotting SFC values for each site across withdrawal scenarios and for each
MFL in relation to reference IQRs of SFCs for each ecoregion (e.g., Figure 3a and Figures S1–S8).
The mean sensitivity of each SFC under CR and POF withdrawals was determined by calculating the
mean absolute change in SFC values across all incremental withdrawal scenarios relative to the baseline
hydrograph for each site and then taking the mean across all sites for each ecoregion. SFCs were
considered generally sensitive to water withdrawals if the mean sensitivity for MFL0 was greater than
0. The presence of damping effects of MFLs was indicated by relatively lower mean sensitivity of
SFCs at MFL5, MFL10, and/or MFL30 in relation to MFL0. The relative magnitudes of change in mean
sensitivity as well as the appearance of ‘dampened’ SFC withdrawal responses based on MFLs (i.e.,
decreasing slope of site-specific responses with increasing MFLs; see Figure 3a) were used to compare
the relative strength and consistency of damping effects for some SFCs among ecoregions as well
as generally between CR and POF withdrawals. For example, SFCs that exhibited relatively small
decreases in mean sensitivity and subtle or indistinguishable responses to MFLs were considered to
have relatively weak damping effects. Damping effects on SFCs were considered absent if an SFC
showed no change in mean sensitivity across MFLs or if mean sensitivities of MFL5, MFL10, and MFL30
were each greater than MFL0 (i.e., considered an anomalous or unpredicted increase in sensitivity due
to application of MFLs).

Figure 3. Hypothetical responses of (a) SFC values and (b) percent-changes in species richness plotted
for a single stream site across increasing water-withdrawal scenarios and for different minimum
flow levels (solid lines). (a) Dashed horizontal lines represent the pre-defined interquartile range of
SFC responses among reference sites. (b) Dashed horizontal line represents an arbitrary biological
response limit; Dashed red vertical lines represent intersection points at which an ecological withdrawal
threshold occurs, i.e., at which a 5% loss of species richness occurs.
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2.4.3. Departure from Reference

Departures of SFCs from hydrologic reference conditions were quantified for each incremental
withdrawal scenario for each site by calculating the absolute difference of standardized SFC values
from reference IQRs of SFCs for each ecoregion. For example, calculated SFC values for each
withdrawal scenario that were within the reference IQR (i.e., >25th and <75th percentile values) (e.g.,
Figure 3a) received a hydrologic departure value of 0, whereas values outside of the IQR (i.e., <25th or
>75th percentiles) received a departure value > 0. We note that by using absolute departures values,
neither the initial relative position nor the direction of change in departure for each withdrawal scenario
in relation to reference IQR are specifically known. Absolute departures of SFCs were then summed
across the relevant SFC(s) that defined the ELF for each fish group (Table S1; [39,41]) to arrive at a
cumulative hydrologic departure value for each withdrawal scenario for each site for each fish group.

2.4.4. Predicted Species Richness Responses to Withdrawal Scenarios

The ELF for each fish group defines the upper limit (≥85th percentile) of observed fish species
richness as a function of the cumulative hydrologic departure of SFCs from reference hydrologic
condition [39,41]. Predicted richness under each water-withdrawal scenario, including the original
baseline streamflow data set, was calculated for each stream site by solving the following equation for
each ELF:

SR =m × x + b (1)

where SR is predicted species richness, x is cumulative hydrologic departure and m and b are the
slope and y-intercept of the ELF for each fish group [39,41] (see Table S1). Because the slope of each
ELF is negative (Table S1), cumulative departure values > 0 result in predicted species richness less
than the theoretical maximum richness for each fish group (i.e., y-intercept). It is important to note
that predicted species richness for any given stream site may increase, decrease, or remain unchanged
among withdrawal scenarios depending on the relative change in cumulative departure among relevant
SFC(s) between scenarios. For example, predicted species richness will decrease if increasing water
withdrawals causes one or more SFC(s) to move farther from the reference condition (i.e., increase in
departure). Conversely, predicted richness would increase if departures decreased.

To summarize overall patterns and direction of change in predicted species richness among fish
groups, first the mean change in richness was calculated for each withdrawal scenario relative to
richness predicted for the baseline hydrologic regime for each site, and then an overall mean was taken
across sites for each fish group. Predicted species richness values were also converted to the percent
change in richness relative to the richness predicted for the baseline hydrologic regime for each site and
plotted to allow more consistent comparison of change in richness among streams and ecoregions with
potentially different richness values (e.g., small versus large streams). Negative and positive values
represent the predicted relative loss or gain, respectively, of species richness. It is important to note
that large positive values of percent change in predicted richness in relation to baseline can result from
relatively small increases in predicted species richness among withdrawal scenarios. We recognize that
increases in species richness in response to increased water withdrawals are possible under certain
circumstances, for example, streams with higher than normal flows (e.g., due to dam release) and/or
rivers where reduced velocities and water depths could create additional habitat suitable to more
species. However, actual gains in fish species richness are likely to be modest. As such, large gains in
predicted richness (absolute or percent change) were considered mathematical artifacts rather than
plausible real-world outcomes to increased water withdrawals.

Further, to compare the magnitude of species-richness loss under POF withdrawals with
increasingly utilized “presumptive” percent-of-flow standards [30], mean absolute loss and mean
percent loss of species richness were calculated across stream sites for 10 and 20 POF withdrawal
scenarios for MFL0 for each fish group and ecoregion. Stream sites that did not result in any loss in
richness among withdrawal scenarios were excluded from this analysis.

190



Water 2020, 12, 1334

2.4.5. Biological Response Limit and Maximum Withdrawal Thresholds

A 5% loss of species richness (i.e., −5% change relative to richness predicted under baseline
hydrologic conditions) was set as an arbitrary biological response limit at which to identify potential
withdrawal thresholds for each stream site. Specifically, for any given stream site modeled for each
fish group and MFL, an ecological withdrawal threshold (also referred to hereafter as ‘withdrawal
threshold’ or simply ‘threshold’) was identified at the maximum incremental water-withdrawal scenario
that resulted in less than 5% loss of species richness. Figure 3b illustrates hypothetical examples of
monotonic percent changes in species richness along a withdrawal gradient and for different MFLs for
a single stream site and identifies different ecological withdrawal thresholds at which richness loss
reaches −5%. Damping effects of MFLs on percent change in richness should generally appear as a
decreased slope of species richness responses when plotted in relation to MFL0 (e.g., solid lines in
Figure 3b), whereas damping effects of MFLs on withdrawal thresholds should appear as (a) higher
threshold values with higher MFLs (e.g., asterisks in Figure 3b) or (b) a shift to no threshold in relation
to MFL0 (e.g., MFL30 in Figure 3b).

Because species richness varies naturally among streams and because each fish group contains
varying subsets of species, using percent loss of predicted species richness to inform a biological
response limit—rather than absolute richness values—provides a consistent and scalable metric of
biological change across stream sites, fish groups, and ecoregions. A 5% biological response limit
is protective of 95% of the relative species richness of each fish group and should buffer against the
loss of some sensitive species while still allowing for some water withdrawals to meet human needs.
While similar biological response limits have been previously proposed [13,52], there is little consensus
(among ecologists, resource managers, citizens, policy makers, or other stakeholders) regarding the
degree of change in biological condition (i.e., absolute or percent species-loss) that could/should be
tolerated in response to hydrologic alteration [22,34].

Withdrawal thresholds identified under the CR model are reported as daily streamflow withdrawal
rates (m3/s) and POF thresholds are reported as percentages of daily streamflow withdrawals (%).
Boxplots were used to summarize the distributions and patterns of thresholds among fish groups and
by drainage area for each MFL scenario. Median values calculated among all thresholds for each fish
group, and overall regional mean withdrawal thresholds calculated across these median values were
used to summarize central tendencies among sites, fish groups, and ecoregions. Additionally, the
number of sites that reached an ecological withdrawal threshold was calculated for each fish group,
and the cumulative number of sites that reached a threshold across all fish groups was summed for
each ecoregion. Because each stream site was modeled independently for each fish group, sites that
reached a threshold in multiple fish groups were counted more than once.

2.4.6. Model Archive and Bulk Data

A model archive containing detailed R scripts with reproducible procedures as well as bulk data
tables containing site-specific results for standardized SFCs, cumulative departures, predicted species
richness, percent-change in richness, and withdrawal thresholds for each MFL scenario for both CR
and POF withdrawals are available from [53]. Supporting information and large format data summary
tables are provided as supplementary tables (Tables S1–S4). Plotted responses among all stream
sites for each SFC (Figures S1–S8) and percent-changes in richness (Figures S9–S16) and ecological
withdrawal thresholds (Figures S17 and S18) for each fish group MFL and ecoregion are provided as
supplementary figures.
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3. Results

3.1. Sensitivity of Streamflow Characteristics

3.1.1. Sensitivity of SFCs to CR Withdrawals

Each SFC showed some sensitivity to CR withdrawals (i.e., mean values greater than 0) for MFL0,
although the relative degree of sensitivity (Table 2) and underlying patterns of response varied within
and among SFCs (e.g., Figure 4 and Figures S1–S4).

Table 2. Mean absolute change (i.e., sensitivity) of streamflow characteristics (SFC; standardized
unitless values) across water-withdrawal scenarios and for each minimum flow level (MFL) under
constant-rate and percent-of-flow withdrawals. MFLs represent low-flow protections set at 0, 5, 10, and
30% of mean annual flow.

Constant-Rate Withdrawal Percent-of-Flow Withdrawal

Eco-Region
Flow

Category
SFC MFL0 MFL5 MFL10 MFL30 MFL0 MFL5 MFL10 MFL30

BR Magnitude AMH10 0.04 0.04 0.04 0.04 0.06 0.06 0.06 0.06

RV

Magnitude MA41 0.32 0.30 0.28 0.21 0.28 0.28 0.28 0.24
Ratio TA1 0.60 0.44 0.30 0.16 0.16 0.15 0.13 0.09

Variability LDH16 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00
Variability FL2 0.02 3.17 3.09 0.24 0.00 0.00 0.03 0.23

CP

Magnitude MA41 0.16 0.14 0.13 0.10 0.20 0.19 0.19 0.16
Magnitude AMH10 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02

Ratio LDH13 0.29 0.34 0.30 0.14 0.23 0.23 0.23 0.17
Ratio ML20 0.08 0.18 0.15 0.07 0.16 0.15 0.14 0.09
Ratio TA1 0.27 0.05 0.03 0.02 0.12 0.03 0.03 0.02

Variability LDL6 1.16 0.05 0.00 0.00 0.00 0.05 0.00 0.00
Timing TL1 3.80 0.02 0.00 0.00 0.00 0.01 0.00 0.00

IP

Magnitude AMH10 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Magnitude LRA7 1.33 0.95 0.68 0.19 0.11 0.13 0.14 0.10

Ratio TA1 0.63 0.35 0.23 0.11 0.15 0.11 0.08 0.06
Frequency FH6 0.17 0.15 0.14 0.13 0.05 0.05 0.05 0.07

Timing TL1 4.59 1.34 0.46 0.00 0.00 0.10 0.12 0.01

Responses of some SFCs showed variability among streams of different drainage area size, in
which the initial SFC values at baseline conditions were often stratified according to size (e.g., lower
values among sites with relatively smaller drainage area for TA1 in Figure 4), and/or SFCs of sites with
smaller drainage areas were often more strongly influenced by incremental water withdrawals relative
to larger streams (e.g., greater rates of change across withdrawals among drainage-area sizes under
MFL0 for TL1 in Figure 4). Among SFCs, TL1 and LDL6 (associated with the timing and variability
of low flows, respectively) and LRA7 (magnitude of flow recession rate) were particularly sensitive
to CR withdrawals (Table 2). These SFCs exhibited consistent and strong responses to incremental
withdrawals for MFL0 among sites for their respective ecoregions (CP and/or IP) (e.g., TL1 in Figure 4).
In general, SFCs associated with flow magnitude (e.g., AMH10 and MA41) showed consistent and/or
monotonic responses to increasing CR withdrawals among sites and MFLs across ecoregions (e.g.,
relatively weak monotonic responses of AMH10 across drainage-area sizes in Figure 4). In contrast,
SFCs associated with flow ratios, frequency, variability, and timing of flows (see categories in Table 1)
tended to have more variable and sometimes non-monotonic responses to increasing withdrawals
and among MFLs (e.g., shifts between decreasing and increasing values among some sites for TA1 in
Figure 4; also see examples in Figures S2–S4).
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Figure 4. Mean responses of select streamflow characteristics (SFCs) to incremental constant-rate
withdrawal scenarios and minimum flow levels (MFL) within the Cumberland Plateau (CP). Solid lines
represent the mean SFC response across sites for each drainage-area size; horizontal dashed lines are
the interquartile range (IQR) of SFCs from reference sites within each ecoregion [38,39,41].

Relatively strong and consistent damping effects were observed among TL1, TA1, LDL6, and LRA7
among respective ecoregions, in which mean sensitivity values were lower among MFLs in relation to
MFL0 (Table 2) and slopes of SFC responses were also generally lower for MFL5, MFL10, and/or MFL30
(e.g., TL1 and TA1 in Figure 4 and Figures S2–S4). Slight decreases in mean sensitivities among MFLs
also indicated the presence of relatively weak damping effects for MA41 and FH6 (Table 2). LDH13
and ML20 showed inconsistent responses in mean sensitivity among MFL scenarios (Table 2) but plots
suggested the presence of some damping effects (Figure S3). Damping effects of MFLs were largely
absent among AMH10 (e.g., Figure 4), LDH16, or FL2 (Table 2). Increases in the mean sensitivity
observed for some SFCs across MFLs, particularly FL2, were counter to our general expectations and
are most likely attributed to prolonged periods of reduced variability of low flows introduced by MFL
cutoffs (e.g., illustrated in Figure 2a as periods of flat lines in the MFL5 hydrograph).

3.1.2. Sensitivity of SFCs to POF Withdrawals

Mean sensitivities of SFC for MFL0 indicated that some SFCs were generally less sensitive to
POF withdrawals than CR withdrawals, particularly TL1 (timing), LDH13 and TA1 (flow ratio), LDL6,
LDH16 and FL2 (flow variability), FH6 (frequency), and LRA7 (magnitude) (Table 2; Figures S5–S8).
In contrast to CR withdrawals, TL1 and LDL6 were not sensitive to POF withdrawals under MFL0
(Table 2). Additionally, underlying patterns of most SFC responses to POF withdrawals were largely
monotonic across sites, ecoregions, and MFLs. Responses of streams with relatively small drainage
area were also often similar and/or proportional to those with larger drainage area (e.g., TA in Figure 5
and Figures S5–S8).

Decreases in mean sensitivity of TA1, ML20, MA41, LDH13, and LRA7 (Table 2) among MFLs
indicate the presence of some damping effects under POF withdrawals, in which TA1 (Figure 5)
appeared to have relatively stronger and more consistent damping effects compared to others SFCs
across respective ecoregions. However, compared to CR withdrawals, damping effects under POF
withdrawals were generally weaker and less consistent among most SFCs. Damping effects appeared
to be absent among TL1, LDL6, FH6, LDH16, FL2, and AMH10 (Table 2, Figures S5–S8). Similar to CR
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withdrawals, some SFCs showed some greater sensitivity at higher MFLs under POF withdrawals,
specifically FL2 among RV streams and TL1 among IP streams (Table 2; see example of FL2 in Figure S6
and TL1 in Figure S8).

Figure 5. Mean responses of select streamflow characteristics to incremental percent-of-flow withdrawal
scenarios and minimum flow levels (MFL) within the Cumberland Plateau (CP). Solid lines represent
mean values across sites for each drainage-area size; horizontal dashed lines are the interquartile range
(IQR) of SFCs from reference sites within the ecoregion [38,39,41].

3.2. Species-Richness Responses

Mean changes in richness (averaged among withdrawal scenarios and across stream sites) were
negative across most fish groups and MFLs. Compared to CR withdrawals, overall mean loss of
richness predicted under POF withdrawals was generally lower across fish groups and ecoregions
(Table 3 and Table S2).

Table 3. Mean change in predicted fish species richness across all stream sites and water-withdrawal
scenarios for select fish groups under constant-rate and percent-of-flow withdrawals.

Constant-Rate Withdrawal
Mean Change in Richness

Percent-of-Flow Withdrawal
Mean Change in Richness

Eco-Region
Fish Group

1,2,3
Streamflow

Characteristic (s)
MFL0 MFL5 MFL10 MFL30 MFL0 MFL5 MFL10 MFL30

BR All species AMH10 −0.28 −0.28 −0.28 −0.26 −0.40 −0.40 −0.40 −0.39

RV
All species FL2 −0.10 −4.89 −5.57 −1.01 0.00 0.00 −0.19 −0.85
Specialized
insectivores TA1 + LDH16 −0.71 0.94 1.11 0.15 0.51 0.67 0.81 −0.29

CP
All species TL1 −12.69 −0.02 0.00 0.00 0.00 −0.09 0.00 0.00
Specialized
insectivores

AMH10 + TA1 +
TL1 −5.54 0.16 0.01 0.04 −0.25 −0.16 −0.07 0.03

IP
All species AMH10 + TL1 −21.50 −8.13 −2.97 −0.05 −0.09 −0.52 −0.91 −0.08
Specialized
insectivores AMH10 + TA1 −0.12 0.53 0.59 0.31 −0.02 0.11 0.21 −0.01

1 Maximum possible species richness for each fish group is represented by the ‘intercept’ coefficient in Table S1;
2 Mean change in richness for all fish groups modelled in this study are presented in Table S2; 3 The identities of
fish species within each group were not considered and membership of an individual species to a fish group is not
mutually exclusive.

However, patterns of change in predicted species richness along the withdrawal gradients were
highly variable among sites for different fish groups, ecoregions, MFLs, and streams of different
drainage-area sizes under both CR (Figures S9–S12) and POF withdrawals (Figures S13–S16), in which
richness responses were related to the relative individual sensitivity and cumulative departures from
reference conditions of SFC(s) that defined the ELF for each combination of fish group and ecoregion.

Under CR withdrawals, overall mean changes in predicted richness ranged from −21.5 species
(loss) to 0.02 species (gain) across fish groups for MFL0 (Table S2). The relative magnitude of richness
loss was greatest among fish groups influenced by more sensitive SFCs (Table 3 and Table S2).
For example, the strongest patterns of both mean change in richness and damping effects of MFLs
among stream sites were associated with fish groups influenced by TL1 for CP (10 of 11 fish groups)
and IP (6 of 10 fish groups) (e.g., Table 3; see examples of the ‘All species’ fish groups for CP and IP
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in Figure 6), in which predicted richness losses were generally greater at MFL0 than MFL5−MFL30.
In contrast, fish groups that were predominantly (or solely) influenced by SFC(s) that were only
relatively weakly sensitive to CR withdrawals and/or MFLs showed correspondingly weak patterns in
richness responses across withdrawal scenarios (e.g., BR sites for the ‘All species’ group in Table 3 and
Figure 6).

Figure 6. Patterns of mean percent change in fish species richness in response to incremental
constant-rate withdrawal scenarios and minimum flow levels (MFL) for the “All Species” fish group for
Blue Ridge (BR), Cumberland Plateau (CP), and Interior Plateau (IP) ecoregions. Solid lines represent
individual stream sites. SFC(s) associated with the ecological limit function for each fish group and
ecoregion are in parentheses.

Under POF withdrawals, overall mean changes in predicted richness (averaged across all
withdrawal scenarios for each site) ranged from −0.44 to 0.51 species among fish groups for MFL0
(Table S2). Patterns of richness loss under POF withdrawals were less strongly associated with a single
SFC (Table 3 and Table S2), compared to CR. With the exception of relatively small decreases in the mean
predicted richness loss among some fish groups influenced by TA1 among CP and IP (e.g., specialized
insectivores from CP in Table 3), patterns of change in richness among MFLs were largely inconsistent
among fish groups and ecoregions (Table S2, Figures S13–S16). These inconsistencies indicated
generally lesser damping effects of MFLs on outcomes of species richness under POF withdrawals.

In relation to 10- and 20-percent presumptive standards [30], mean loss in richness across all
stream sites for each fish group and ecoregion for MFL0 ranged from 0.01 to 0.66 species at 10%
withdrawals and from 0.02 to 1.34 richness loss at 20% daily water withdrawal. The overall mean
predicted richness loss collectively among ecoregions was 0.17 and 0.33 species, respectively (Table 4
and Table S3). Mean percent loss in species richness among fish groups ranged from 0.15% to 12.95% at
10% withdrawal and from 0.22% to 18.89% at 20% withdrawals, with an overall mean percent richness
loss of 2.57% and 4.96%, respectively, across all fish groups and ecoregions (Table 4 and Table S3).
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Table 4. Mean loss and mean percent-loss in predicted fish species across stream sites at 10 and 20%
(POF) withdrawal scenarios for MFL0. Means calculated only among streams and fish groups that
exhibited declines in richness.

Mean Loss in Richness
(Number of Species)

Mean Percent Loss in Richness (%)

10% Flow
Withdrawal

20% Flow
Withdrawal

10% Flow
Withdrawal

20% Flow
Withdrawal

Eco-Region
Number of

Fish Groups 1 Range Mean Range Mean Range Mean Range Mean

BR 3 0.11–0.32 0.19 0.16–0.43 0.27 0.85–0.99 0.93 1.20–1.34 1.29
RV 2 0.34–0.43 0.39 0.61–0.81 0.71 3.86–10.59 7.23 7.31–13.19 10.25
CR 9 0.02–0.31 0.13 0.05–0.61 0.30 0.75–12.95 3.45 1.28–18.89 7.67
IP 10 0.01–0.66 0.15 0.02–1.34 0.29 0.15–7.12 1.34 0.22–13.00 2.57

Overall Mean 0.17 0.33 2.57 4.96
1 Mean values for each fish group presented in Table S3.

3.3. Ecological Withdrawal Thresholds

3.3.1. CR Withdrawal Scenarios

Box plots of ecological withdrawal thresholds from select fish groups under CR withdrawals
show a high degree of variability among stream sites both within and among drainage-area sizes,
MFLs, and ecoregions (Figure 7 and Figure S17). Despite considerable variability of thresholds among
streams of the same drainage-area size, relatively smaller-size streams often were associated with lower
thresholds compared to larger-size streams across fish groups (Figure 7 and Figure S17). For MFL0,
median thresholds ranged from 0.01–0.92 m3/s across all fish groups and ecoregions, and median
thresholds were often higher among BR and RV fish groups compared to CP and IP (Table 5). For MFL0,
the relatively higher number of stream sites that reached an ecological withdrawal threshold and the
relatively lower threshold values among CP and IP fish groups (compared to BR and RV) (Table 5) were
associated with the prevalence and influence of TL1 among fish groups (Table S4). In partial support of
our hypothesis, the reduced number of sites that reached a threshold among MFL5–MFL30 in relation
to MFL0 among most fish groups for CP and IP indicated damping effects and suggested that some
sites became less sensitive to loss of species richness as MFLs increased under CR withdrawals (Table 5
and Table S4; Figures S11 and S12). For example, the cumulative number of ecological withdrawal
thresholds reached among stream sites across fish groups for IP decreased from 267 under MFL0
to 187, 118, and 33 under MFL5, MFL10, MFL30, respectively (Table 5 and Table S4). Counter to
predictions, however, the number of thresholds reached among most RV fish groups tended to increase
and threshold values tended to decrease with increasingly protective MFLs, related to the influence
of FL2 among RV fish groups, in which FL2 showed greater sensitivity to CR withdrawals at higher
MFLs (Table 5 and Table S4; Figures S2 and S10).
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Figure 7. Boxplots of predicted ecological withdrawal thresholds under constant-rate withdrawal
scenarios among select fish groups and minimum flow levels (MFLs) for Blue Ridge (BR), Ridge and
Valley (RV), Cumberland Plateau (CP), and Interior Plateau (IP) ecoregions. Boxes represent the 25th
and 75th quantile; center line represents the median (50th percentile). Points are threshold values
for individual stream sites and are color coded by drainage-area size. Results for all fish groups are
illustrated in Figure S17.

Table 5. Range and mean of median values (across fish groups) of predicted ecological withdrawal
thresholds under constant-rate (m3/s) and percent-of-flow (%) withdrawal scenarios for each ecoregion.
“n” = cumulative number (sum) of sites that reached an ecological withdrawal threshold across all fish
groups for each ecoregion.

Constant-Rate (CR) Ecological Withdrawal Thresholds (m3/s) 1

MFL0 MFL5 MFL10 MFL30

Eco-Region n 2 Range Mean n Range Mean n Range Mean n Range Mean

BR 6 0.64−0.68 0.67 6 0.64−0.68 0.68 6 0.67−0.72 0.70 6 0.74−0.79 0.77
RV 47 0.20−0.81 0.62 73 0.24−0.68 0.51 80 0.06−0.64 0.39 52 0.23−0.57 0.34
CP 98 0.01−0.92 0.16 25 0.03−1.01 0.23 23 0.01−0.92 0.35 11 0.03−0.85 0.40
IP 267 0.17−0.37 0.23 187 0.10−0.37 0.20 118 0.17−0.37 0.26 33 0.17−1.33 0.67

Percent-of-flow (POF) ecological withdrawal thresholds (%) 1

MFL0 MFL5 MFL10 MFL30

Eco-region n 2 Range Mean n Range Mean n Range Mean n Range Mean

BR 6 23.5−27.0 25.5 6 23.5−27.0 25.5 6 23.5−27.0 25.5 6 25.0−28.0 26.8
RV 17 6.0−6.5 6.3 16 6.5−14.5 10.5 25 1.0−32.5 22.9 49 6.0−16.0 13.0
CP 33 4.0−16.0 9.4 29 4.0−28.0 15.7 22 4.0−29.0 13.7 14 2.0−17.0 7.6
IP 63 3.5−31.0 18.8 102 9.0−31.0 22.6 76 2.0−33.5 18.6 23 1.0−37.0 14.7

1 Median threshold values and the number of sites (n) for each fish group are presented in Table S4; 2 Sites that
reached a threshold in multiple fish groups were counted more than once, meaning cumulative “n” can be greater
than the number of individual stream sites for each ecoregion.

3.3.2. POF Withdrawal Scenarios

Under POF scenarios, patterns of ecological withdrawal thresholds were also variable among
drainage-area sizes, MFLs, and ecoregions and spanned the entire gradient, from 0 to 40% of the
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mean daily streamflow (Figure 8 and Figure S18). For MFL0, median thresholds ranged from 3.5 to
31% of the daily withdrawal among all fish groups and ecoregions (Table 5), with most fish group
median thresholds < 20% daily withdrawal (Table S4). Compared to CR withdrawals, the cumulative
number of stream sites that reached an ecological withdrawal threshold under POF withdrawals was
consistently lower for MFL0 among fish groups and ecoregions (Table 5), indicating generally reduced
sensitivity of stream sites to species richness loss (i.e., 5% biological response limit). Decreases in the
number of thresholds reached at MFL5–MFL30 in relation to MFL0 among fish groups influenced
predominantly by TA1 among RV, CP, and IP ecoregions indicate some damping effects of MFLs
(Table S4).

Figure 8. Boxplots of predicted ecological withdrawal threshold under percent-of-flow (POF)
withdrawal scenarios among select fish groups and minimum flow levels (MFLs) for Blue Ridge (BR),
Ridge and Valley (RV), Cumberland Plateau (CP), and Interior Plateau (IP) ecoregions. Boxes represent
the 25th and 75th quantile; center line represents the median (50th percentile). Points are threshold
values for individual stream sites and are color coded by drainage-area size. Results for all fish groups
are illustrated in Figure S18.

4. Discussion

Despite some variability among ecoregions, fish groups, and SFCs, our findings generally indicate
that POF withdrawals better preserved aspects of the baseline flow regime and had overall less negative
impacts on fish species richness compared to CR withdrawals. In general, CR withdrawals resulted
in greater sensitivity of SFCs across several ecoregions compared to POF withdrawals, particularly
for metrics associated with low streamflows. Similarly, CR withdrawals produced greater sensitivity
of SFCs to the protective effects of MFLs. CR withdrawals also resulted in more frequent instances
of predicted declines in species richness with greater simulated withdrawals. This included greater
overall numbers of sites that reached an ecological withdrawal threshold corresponding to loss of at
least 5% species richness at some point along the simulated water-withdrawal gradient. In contrast,
POF withdrawals resulted in lower sensitivity, or in some cases, a lack of sensitivity of SFCs related to
variability and timing of streamflows, lower sensitivity of SFCs and species richness to MFLs, and
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relatively fewer ecological withdrawal thresholds reached among streams across fish groups and
ecoregions. These findings support the notion that different water-withdrawal strategies can have
important hydrologic and ecologic consequences [5,30] and our findings are consistent with other
studies demonstrating the potential benefits of POF-type water-management strategies [1,30].

Under both CR and POF withdrawal strategies, the sensitivity of SFCs to withdrawals and the
resulting changes in predicted species richness showed apparent relations to drainage area, with
smaller streams showing greater sensitivity to water withdrawals than larger streams. Hydrologic and
ecologic structuring along stream-size gradients is well documented [54] and classifying streams by
size and/or hydrologic regime is often a critical step in developing ecological-flow relationships [22].
A similar study conducted recently among streams in Virginia, suggests that stream size (e.g., drainage
area) may be one of the most important factors influencing patterns of change in species richness
associated with alteration of streamflows (personal communication, J. Rapp, USGS Virginia/West
Virginia Water Science Center, Richmond, VA, USA). Similarly, a study that investigated potential
impacts of water withdrawals among streams within the Marcellus Shale region in West Virginia and
Pennsylvania, indicates that streams with a drainage area greater than 1000 km2 may be less susceptible
to changes in hydrologic indices and potential negative ecological responses [52]. The relatively small
number of streams sites within each drainage-area size among ecoregions for our study precluded
more detailed comparison of patterns among sizes, but general patterns suggest that stream size is an
important factor when considering potential withdrawal thresholds at local and regional scales.

Water-withdrawal simulations in this study generally support the idea that MFLs can provide
important protection to ecological flow regimes. Specifically, the damping effects of MFLs on the
sensitivities of select SFCs and patterns of change in species richness and ecological withdrawal
thresholds under both CR and POF water withdrawals imply that MFLs can help protect against
richness loss [1,29,30] and, in some circumstances, may allow for greater water withdrawals with
relatively lower ecological impacts. Although other SFCs were also sensitive to the damping effects
of MFLs, the prevalence of TL1 and TA1 in ELFs among fish groups and ecoregions and the high
sensitivity of these SFCs to withdrawals, particularly under CR withdrawals, appear to be the primary
drivers of patterns of ecological withdrawal thresholds among many fish groups, MFLs, and ecoregions.
Because low flows are particularly vulnerable to water withdrawals [7,52,55], the high sensitivity of
TL1 (as well as LDL6) to CR withdrawals for MFL0 and the limited changes in richness loss observed
for MFL5–MFL30 are not surprising and highlight the potential influence of even modest MFLs on
mitigating fish species richness loss under CR withdrawal scenarios. However, variable (or lack of)
sensitivity of some SFCs to MLFs support the notion that minimum flow cutoffs alone may not be
sufficient for protecting against richness loss [1,6,30]. Damping effects of MFLs were less prevalent
under POF withdrawals, but the general influence of higher MFLs on TA1 and corresponding fish
groups across multiple ecoregions further argues in favor of the potential ecological benefits of applying
some form of MFL, regardless of whether CR or POF withdrawals are employed.

Our findings show that increasing CR or POF water withdrawals can result in reductions in
fish-species richness within some fish groups at some sites. However, the high degree of variability
in predicted species richness responses and the range of ecological withdrawal thresholds identified
across local (sites specific) and regional (ecoregion) scales suggests that application of these results
for management decisions should be implemented with caution. For example, median withdrawal
thresholds predicted under CR withdrawals for MFL0 (Table 5 and Table S4) were substantially higher
than a large majority of annual mean-monthly withdrawal rates reported for nearly 800 permitted
water-withdrawal facilities within the State of Tennessee during 2010 [50], of which the median
withdrawal value was approximately 0.013 m3/s. Although the 2010 withdrawal data used by [50] is
now somewhat dated, and reported withdrawals may often be less than permitted withdrawals [56],
these data suggest that many of the withdrawal thresholds predicted under CR withdrawals in this
study would greatly exceed the reported withdrawal rates of many water-use facilities. As a site-specific
example, the lowest ecological withdrawal threshold predicted for Yellow Creek at Ellis Mills, TN
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(ecoregion = Interior Plateau; USGS station number = 03436690; drainage area = 237 km2), was
0.396 m3/s [53], whereas the annual mean monthly withdrawal rate reported by a public supply facility
that withdraws surface water from Yellow Creek near the USGS gauge was several orders of magnitude
lower: 0.0008 m3/s [50]. Additionally, site-specific ecological withdrawal thresholds were often much
greater than 7Q10 flows (annual 7-day minimum flow with a 10-year recurrence interval) [53], a metric
commonly used by water-management agencies for assessing water-withdrawal limits. On the one
hand, these results could be interpreted as general evidence that some existing withdrawal rates could
be increased; however, a more cautious interpretation, and more likely, is that the CR withdrawal model
may not fully capture the potential ecological responses to increasing withdrawals among many stream
sites, particularly at lower CR withdrawal rates. Overall, the magnitudes of ecological withdrawal
thresholds predicted under CR withdrawals for many stream sites and for most fish groups exceeded
real-world water-withdrawal rates. This indicates that the applicability of specific CR withdrawal
thresholds for management decisions is limited and should be interpreted with caution.

Regarding POF withdrawal scenarios, the range of median thresholds summarized among
fish groups and ecoregions is largely consistent with the range of recommended limits to daily
POF streamflow reductions (approximate 6–35%) reported among several empirical case studies
(e.g., [57–59], and summarized in [30]. The mean percent loss in species richness among fish groups
for across ecoregions at 10 and 20 POF withdrawal scenarios (Table 4 and Table S3) are generally
supportive of Richter’s [30] presumptive flow standards, and are also in agreement with the use
of 5% loss in richness as a conservative biological response limit. However, richness losses greater
than 5% among some fish groups indicate that POF withdrawal rates less than 10 or 20% of daily
streamflow may be necessary to protect particularly sensitive fish groups or species (e.g., specialized
insectivores (RV, CP), intolerant species (CP), and lithophilic spawners (IP) in Table S3). Further, overall
averages of mean percent loss and mean absolute loss in species richness for 10 and 20 POF withdrawal
scenarios were similar to or lower than those predicted for streams throughout North Carolina [36]
and are in agreement with findings for streams in Virginia (personal communication, J. Rapp, USGS
Virginia/West Virginia Water Science Center, Richmond, VA, USA). Specifically, [36] predicted a loss of
0.49 and 1.0 fish species for flow reduction scenarios of 15% and 25% among streams in North Carolina,
whereas the predicted loss of richness at 20% withdrawals among fish groups and ecoregions in our
study was often much less than 0.5 species and averaged only 0.33 species across groups (Table 4).
Although the methods and criteria for developing flow-ecology relationships differed between our
study and others [36], similarities in predicted ecological outcomes at 10 and 20% flow reductions
suggest that these POF withdrawal rates may be generally applicable among basins and ecoregions of
the southeastern U.S.

Our data indicated that protection of low stream flows, specifically timing of low flows, was
particularly important for steams and fish groups within CP and IP ecoregions. Others have shown
that low-flow metrics may be particularly sensitive to water withdrawals [52]. Water withdrawals can
exacerbate low-flow conditions and alteration of the timing, magnitude, duration, and frequency of low
flows are known to have negative impacts on aquatic biota, stream habitat, and water quality [2,5,7,55].
Intensification of low-flow conditions can impact fish species and communities at local and regional
scales through increased mortality and disruption of reproduction, recruitment, and dispersal [2,7,60].
Nuisance and/or harmful algal blooms (HABs) and associated decreases in dissolved oxygen often
occur during low flows, and cyanobacteria HABs and toxicity in lotic ecosystems are an increasing
management concern in some regions [61,62]. Use of percentage-of-flow and presumptive standards
are increasingly popular among water-management agencies within the US and elsewhere [30,57,63,64].
Despite high variability in the ecological withdrawal thresholds among stream sites and variability
in responses among fish groups, our data provide support for water-management strategies using
POF withdrawals and the implementation of MFLs to help mitigate hydrologic alteration and negative
impacts on fish species richness.
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Considerations and Caveats of Water-Withdrawal Models

The importance of SFC selection when characterizing ecologically relevant aspects of the flow
regime is well recognized [1,65], as is the potential variability in sensitivities of SFCs to hydrologic
alteration [46,52]. Although the ecological and statistical relevance of specific SFCs used in this
study have been previously described for streams within the Cumberland and Tennessee River
basins [37–39,41], the potential sensitivities of these SFCs to CR and POF water withdrawals and
MFL scenarios were not specifically considered in previous works. SFCs that had greater individual
sensitivity to withdrawals and are of demonstrated importance to fish communities may be particularly
important targets for water-management decisions. On the other hand, SFCs with limited sensitivity
to CR or POF withdrawals in this study may still be important and warrant attention from resource
managers under different flow alteration conditions than considered in this study. In the Tennessee
and Cumberland River basins, TL1 and TA1 were of particular ecological importance, but other SFCs
may be more important in other regions or other climate contexts [8].

Ecological withdrawal thresholds summarized across sites according to drainage area, fish groups,
or cumulatively for each ecoregion using central tendencies (e.g., median or means), may be as or more
valuable than site-specific thresholds for use in decision making at local and regional scales. Specifically,
summarized thresholds may inform decisions regarding water withdrawals among streams. Although
site-specific withdrawal thresholds [53] may be useful for specific stream systems, in which species
richness responses and thresholds modeled independently for each fish group and MFL represent
multiple lines of evidence to guide management decisions, high variability at the individual site level
may confound decision making.

Modelled hydrologic and ecological responses to increasing CR and POF water-withdrawal
scenarios were based on underlying flow-ecology relationships that assume that patterns of fish species
richness are determined solely by streamflow and that responses would be generally linear. However,
non-linear responses are common in natural systems [64], and although [39] found some evidence of
internal structuring of species-richness responses presumed to be associated with factors other than
streamflow (e.g., water quality, physical habitat), the influence of additional environmental factors in
determining fish species richness were not considered in this study.

Daily streamflow data used to calculate water-withdrawal scenarios from USGS streamgauge sites
were assumed to represent the baseline (i.e., unaltered) flow regime for each site, and the simulated
water withdrawals modelled in this study were assumed to be the only source of streamflow alteration
during the period of record for each site. However, we acknowledge that this assumption ignores
additional real-world sources of streamflow alteration, including effects of previous or existing flow
alterations and cumulative effects of upstream withdrawals or effluent discharges on downstream sites.

Quantile regression results used in prior studies to develop the ELFs used in this study provide
regional expected upper-bound predictions of fish species richness in relation to the departure of SFCs
from defined hydrologic reference conditions. Some stream sites may fit regional ELF equations better
than others, depending on the relative position of specific SFCs under the initial baseline flow regime to
that of the defined reference condition. For example, when subjected to water withdrawals, a calculated
baseline SFC value that was initially greater than the so-called reference condition may move closer
to the reference condition (i.e., decreased departure), and can result, mathematically, in an increase
in predicted species richness. While it is ecologically plausible that some species may benefit from
reductions in streamflow under certain conditions, large increases in predicted fish species richness with
increasing water withdrawals were not considered realistic outcomes and thus were largely ignored in
this study. Actual gains in species richness would likely be limited to a modest number of potential
colonists by natural abiotic (i.e., physical and chemical habitat limitations), biotic (e.g., competition),
and spatial mechanisms (e.g., distance or dispersal barriers) [66]. A review among 165 empirical studies
by [5] found that only 13% of the studies reported some positive association between ecological metrics
and flow alteration. In this study, some sites exhibited no change in predicted richness under any
simulated water-withdrawal scenario. These results should also be interpreted with caution because it
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is unrealistic to assume that fish species richness would be categorically unaffected by increasingly
large withdrawals.

Predicted loss (or gain) of fish species at any given stream site was relative to the predicted
richness under baseline streamflow (i.e., simulated withdrawal = 0 m3/s) which was produced by a
regionalized quantile regression curve, assuming >85% probably of species richness at ‘optimal’ or
reference conditions [39]. If the initial baseline flow conditions are far from reference conditions, the
actual fish species richness that exists at any given stream may be different than what is predicted using
the given ELF equations. Additionally, stream size was not considered during the initial development
of ELFs, which means that the same ELF equation is used to predict richness among streams regardless
of stream size. For example, a stream with a drainage area size of 10 km2 could be predicted to have the
same or even greater richness than a stream with a drainage area of 1,000 km2 in the same ecoregion,
depending on the hydrologic departure from reference of the subset of SFCs that define each ELF.

5. Conclusions

Results of this study indicate that increasing water-withdrawal rates, regardless of the withdrawal
strategy, will likely result in increased loss of fish species richness across a variety of streams and
ecoregions. However, the alteration of hydrologic regimes and the resulting predicted richness losses
were generally less severe under the POF water withdrawals compared to CR withdrawals, suggesting
potential benefits of POF withdrawal scenarios in maintaining aquatic biodiversity. Richness losses
and patterns among ecological withdrawal thresholds under POF withdrawals showed general
concurrence with Richter’s [30] presumptive standards and suggest that limiting water withdrawals
to 10–20% of daily streamflow may indeed be generally protective of species richness among most
stream drainage area sizes and ecoregions. The sensitivity of low-flow SFCs to CR withdrawals and
the prevalence of the low-flow metrics among ELFs across ecoregions suggests that protocols for
protection of low flows, such as MFL cutoffs, are likely critical when CR water-withdrawal strategies
are employed. Our findings also showed that application of MFL cutoffs, regardless of the withdrawal
strategy, were generally effective at damping hydrologic alteration and species richness responses
to both withdrawal strategies and indicate that employing MFLs may allow for larger permitted
water withdrawals under some circumstances. Development of specific and practical guidelines
that limit water withdrawals within ecological response boundaries have been difficult to achieve.
This study provides a general framework of comparative and alternative potential outcomes under
plausible water-withdrawal strategies. Localized and regionalized estimates of predicted hydrologic
and ecologic responses generated in this study could be useful for informing resource management
and policy decisions. Lastly, more detailed prioritization of sensitive ecoregions, geographical areas,
sub-watersheds, and streams of a certain size or drainage area is an important next step in guiding
more targeted management and conservation strategies and actions.
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