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River flow and abstraction

Executive summary

River flow and water abstraction play a critical role in influencing water quality and aquatic biodiversity in the
UK. River flow is recognized as the "master variable," essential for sustaining diverse habitats that support
various aquatic species. Human water abstraction significantly alters natural flow regimes, leading to reduced
water quality and aquatic biodiversity. Approximately 63% of the world’s rivers are impacted by abstraction, in
England 10.4 billion cubic meters of water is taken non-tidal surface waters and groundwater sources every
year for anthropogenic activities. Climate change further complicates this issue, as altered precipitation
patterns are expected to increase the frequency of low and high flow events in the UK, conditions our native
freshwater aquatic species are not adapted to. The need for sustainable water management practices to
balance human water demands and ecological requirements of riverine ecosystem to ensure the resilience and
health of aquatic environments amidst ongoing environmental change is critical, and not something the UK is
currently prepared for.

Introduction



For riverine ecosystems, river flow is viewed as the ‘master variable’ (Power et al., 1995). River flow is the result
of the conversion of rainfall into run-off. This conversion is hugely variable across different landscapes
(topography, geology, land cover, etc.), climatic (precipitation and temperature) zones and over time, both
between different seasons and between years. The interaction of discharge with the shape of a river channel
results in variable patterns of hydraulic parameters, such as flow velocity and depth. In-channel features, such
as woody debris and submerged vegetation, can also give rise to significant variability in water velocity and
depth within a reach of river. This spatial variability can be important for maintaining habitat diversity and
biodiversity, including different life stages within individual species. The biological communities living in flowing
water conditions are adapted to natural flow regimes combined with natural channel morphology, for example
via their body shape, metabolism and feeding behaviours (Statzner et al., 1988). Hence, unnaturally high and
low flows and the creation of artificial flow regimes can have catastrophic impacts for the ecological integrity of
river systems (Fig. 1).
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Figure 1: Five main components of flow regime. Modification of these has cascading effects on ecological integrity of rivers (Poff et
al., 1997).

Human impacts on flows within river basins are complex. River flows can be reduced, increased, or their
temporal/spatial regimes modified by different human activities. For more than 40 years, human water
management activities have been recognised as threatening our freshwater systems (Petts, 1984). Human
activities, such as the direct removal of water from rivers, canals, lakes, reservoirs and aquifers (abstraction),
and impoundment (construction of dams for various purposes), have greatly modified the natural flow
regimes of many rivers (Poff et al., 1997; Ward & Stanford, 1995). As a result historic, natural cycles of
flooding and drought necessary to regulate ecological variables such as population size and species diversity
are being severely altered (Lytle & Poff, 2004). Over-abstraction also amplifies the effects of pollutants, as
the less water there is, the more concentrated pollution will be. It is estimated that approximately 63% of
the world’s rivers have been diverted (Naiman et al., 2002). Only 37 per cent of rivers longer than 1,000
kilometres remain free-flowing over their entire length and 23 per cent flow uninterrupted to the ocean (Grill
et al., 2019). In the UK, only an estimated 1% of all rivers are free of artificial barriers which impact flow, with
a density of 0.75 barriers per 1km of river (AMBER Consortium, 2020).

In England and Wales, the latest available statistics for water abstraction indicate that in 2018 an estimated
10.4 billion cubic metres was abstracted from non-tidal surface and ground waters (DEFRA, 2018). Although
water is usually returned to the river, it is often not in the same place as the discharge point, and the quality



of water returned has often decreased, with higher levels of contaminants and/or higher water
temperatures.

Climate change is also impacting river flow. Many parts of the world are seeing the amount of rainfall they
experience drastically change. By 2050 average annual runoff is predicted to increase significantly in over
47% of the worlds land surface and decrease in over 36%; only 17% therefore sees no significant change
(Arnell & Gosling, 2013). The UK has seen an increase in average annual rainfall, with about 7% more rain
over the last 30 years than the previous 30 (Met Office, 2023). However, despite this increase in rainfall
climate modelling predicts that river flow will most likely be lower in the future than it is now across the
country, with streamflow droughts becoming more commonplace and more severe in the future (Parry et al.,
2024). This is because climate change is also affecting when rain falls across the UK. In the summer months
rain is predicted to fall less often and more intensely which could dramatically alter the streamflow
conditions of rivers which we have grown accustomed to and policy is based on.

Changing river flow conditions will have wide ranging consequences for wildlife and wild fish populations,
water supply and flood risk. In simple terms less water in rivers will result in the following stressors for wild
fish populations:

- Fish are less able to migrate up and down rivers to complete their life cycles.

- Pollutants in the water become more concentrated because of the lack of dilution.

- Increased sedimentation clogs up rivers because they do not have the energy to remove them.
- Reduced shelter and food availability.

- Water temperatures increase and oxygen levels decrease.

River Regimes



To understand the flow conditions of a river system one must first define the rivers ‘regime’. A river regime
refers to the seasonal variations in the flow or discharge of a river over the course of a year. This pattern is
influenced by several factors, including climate, seasonal precipitation, snowmelt, vegetation, and human
activities. The regime helps in understanding how the flow rate of a river changes in response to natural
events and climatic conditions.

r'l'ypes of river Regimes:\

There are many different types of river regime found across the globe. Many different natural and human
factors can influence a river, and in the simplest terms, a regime can be described as one of the following:

e Simple regimes: where there is only one dominant factor affecting river flow.

e Mixed or double regimes: where there are two dominant factors.

e Complex regimes: where there are multiple dominant factors.
Due to extensive human modifications of river systems across the globe, most rivers today cannot be truly
defined as simple regimes anymore. The UK Centre for Ecology and Hydrology estimates that only 15% of the

UK’s rivers flow regimes could be considered ‘natural’, and if you also include river barriers changing river flow
dynamics this number drops to only 1% (AMBER Consortium, 2020; CEH, 2015).

There is some debate to the defined number of natural flow regimes which exist in rivers. With seemingly
endless unique river regimes depending on their geography. Although it is generally thought that around seven
main river regimes exist:

1. Glacial Regimes

e Primary Driver: Melting of glaciers and ice sheets.

e  Flow Characteristics: Peak flow occurs during the summer months when glacial melt is at its highest.
Winter flows are much lower as ice remain frozen. Glaciated deserts such as Antarctica would be the
truest examples of glacial regimes although mountainous rivers which also receive high snowfall as
well as glacial melt may also be considered glacial regimes in many cases.

e Locations: Common in high-altitude and polar regions with significant glacial coverage.

e Example: The Rhone River in the Alps and the Onyx River in Antarctica.
2. Nival Regime

e  Primary Driver: Snowmelt.

e Flow Characteristics: Peak discharge occurs in the spring or early summer when the snow melts. Flow
is typically lower in the winter when snow accumulates there is some overlap here with glacial
regimes, depending on the glacial coverage of the catchment.

e Locations: Found in regions with substantial snowfall during winter, such as mountainous and high-
latitude areas.

e Example: Rivers in the Coast Mountains and the Andes.
3. Pluvial Regime

e Primary Driver: Rainfall.

e Flow Characteristics: River flow is primarily influenced by rainfall patterns, with peak flows occurring
during the rainy season and reduced flows during dry periods.

e Locations: Temperate and tropical regions where rainfall is a dominant factor.



e Example: The rivers of the UK, which have higher flows during the wet winters, and lower flows
during the drier summers.

4. Tropical Pluvial Regime

e Primary Driver: Monsoon rains in tropical regions.

e Flow Characteristics: High flow during the monsoon season and relatively lower flow during the dry
season. The variation in discharge is more intense compared to temperate pluvial regimes due to
heavy tropical rainfall.

e Locations: Tropical and subtropical areas that experience seasonal monsoons.
e Example: The Ganges River and the Mekong River, which have pronounced wet and dry seasons due
to the monsoon periods.

5. Nivo-pluvial Regime

e  Primary Driver: Snowmelt followed by rainfall.

*  Flow Characteristics: The flow initially peaks in late spring or early summer due to snowmelt,
followed by another peak in the autumn caused by rainfall. Snowmelt is the dominant factor, with
rainfall as a secondary influence. The main flow minimum is in the winter months.

e Locations: Regions that transition from snowmelt in early spring to significant rainfall later in the year.

e Example: Rivers in Eastern European steppe.
6. Pluvio-nival Regime

e Primary Driver: Rainfall followed by snowmelt.

e Flow Characteristics: Similar to nivo-pluvial regimes, but the with the nival peak occurring earlier
(such as March/April in the norther hemisphere) and the pluvial peak in the autumn months. Here
low flows occur in the summer months rather than winter months.

e Locations: Found in areas where the climate has both significant rainfall and seasonal snow, often in
lower mountain ranges such as the Scottish Highlands depending on snow cover.

e Example: Rivers in regions with both significant rainfall and a moderate winter snow cover.
7. Nivo-glacial Regime

e Primary Driver: Combination of snowmelt and glacial melt.

e Flow Characteristics: The river experiences two distinct peaks: the first one during late spring due to
snowmelt and the second in summer caused by glacial melt. Snowmelt has a stronger influence on
flow patterns compared to glacier melt.

e Locations: Found in mountainous areas where both glaciers and seasonal snow contribute to the
river's flow.

e Example: Rivers in the Himalayas, such as the Indus River, where both snow and glaciers play
significant roles.

The 7 types of river regimes can be summarised as follows:



Glacial Regime: Driven by glacier melt with peak flow in summer.
Nival Regime: Dominated by snowmelt, with peak discharge in spring or early summer.

Pluvial Regime: Influenced mainly by rainfall patterns, with peaks during wet seasons.
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Tropical Pluvial Regime: Controlled by monsoon rains, with sharp contrasts between wet and dry
seasons.

5. Nivo-pluvial Regime: Peaks first with snowmelt and then with rainfall; snowmelt is the dominant
factor.

6. Pluvio-nival Regime: Peaks first with rainfall and later with snowmelt; rainfall is the dominant factor.

7. Nivo-glacial Regime: Combines snowmelt and glacier melt, with snowmelt having a stronger effect.

Natural Impacts on flow:



Beneath the overarching theory of river regimes, many other factors can influence river flow. These can
broadly be categorised into natural and human factors. The line between what is a natural or human is
becoming increasingly blurred, such as with anthropogenic climate change, and land use changes within a
catchment. Although, if we consider natural influences on river flow as not stemming from direct human
interventions (such as in channel modifications or land use changes within a catchment) we can broadly
categorise natural impacts on river flow as follows.

Climate

It can now be said with high confidence that climate change in recent decades has modified all components of
the global water cycle (Intergovernmental Panel on Climate Change (IPCC), 2023). Climate is perhaps the most
fundamentally important factor in controlling river flow. Ultimately, it dictates how much water can enter a
river system. Recent research by the University of Leeds has shown a significant climate-driven shift in river
flow seasonality, particularly affecting latitudes above 50°N, such as the UK (Wang et al., 2024). Analysis of
historical river flow data from 10,120 gauging stations worldwide demonstrated that approximately 21% of
these stations have experienced marked changes in the seasonal patterns of water levels. The study isolated
the impact of climate change from other human factors such as water extraction or reservoir impoundments.
Modelling showed a direct link between rising air temperatures and the observed weakening in river
seasonality, suggesting that warmer climates disrupt the traditional cycles of high and low flows that are
essential to ecosystems and water management.

Geology

Geology also plays a critical role in shaping river flow regimes. The permeability of the ground in a river's
catchment influences how water is absorbed and released. For example, the Lambourn River, which flows
through chalk-rich, permeable areas, has a more stable flow than the nearby River Ock, which flows through
impermeable clay and reacts more rapidly to rainfall events (CEH, 2015). Most research has focused on
topographic and soil properties, but geological features like bedrock type and hydraulic conductivity are
essential to understanding river flow, especially during dry periods when groundwater largely supports
streamflow (Carlier et al., 2018).

Rivers fed by chalk aquifers, or ‘chalk streams’ are of particular importance in the UK, as of the 200 known
globally, 85% exist in the UK (Wildlife Trust, 2024). Chalk is a highly pure and porous type of limestone. Water
filters down through the rock, creating aquifers that overflow as springs, feeding chalk streams with minimal
surface runoff. The slow movement of water through chalk helps to even out fluctuations in rainfall and keeps
the water temperature stable. Consequently, these streams exhibit a consistent annual flow pattern, with
relatively minor differences between winter and summer levels and an absence of sudden flood conditions
(Berrie, 1992)

Studies have shown that lithology can shape flow duration curves (FDC) and maintain streamflow in arid
conditions. For instance, sandstone is identified as crucial in buffering streamflow in Montana and Switzerland,
while permeable volcanic rock stabilizes flow in Oregon. Bedrock’s storage capacity is key, especially in alluvial
and permeable deposits which can significantly impact catchment outflows (Carlier et al., 2018).

Topography

The landscape patterns of a river catchment, the evolution of its topography, and changes in river networks
are all strongly linked (Willett et al., 2014). Topography ultimately determines the path and residence time of
water flowing both to and in a river channel, and is thus an important control on the rivers flow (Curie et al.,
2007). A steep mountainous catchment, made of impermeable bedrock with thin soil cover will allow water to
enter a river channel far faster than a flat lowland plain, with deeper soils and a porous aquifer after a rainfall
event. In channel, depending on the topography of a riverbed or the ‘river morphology’ will determine the
amount and speed of flow.



Rivers can generally be categorised into three sections: the upper, middle and lower course of the river. In the
upper course are landforms such as waterfalls and rapids, formed when a river flows over hard and soft rock,
and V-shaped valleys formed when vertical erosion lowers the river channel, causing the banks to fall into the
water. Here as the river channel is narrow and shallow, flows and velocity will be slower as there is less water
in a smaller channel than downstream. In the middle course of the river, landforms such as meanders form
when lateral erosion creates wide bends in the river. If a meander grows large enough, a section of the river
can become cut off, creating oxbow lakes. Landforms such as meanders can alter the speed in which water
moves through the river channel, in simplistic terms, river velocity will be greater on the deeper, outside of a
meander bend than the inside (Seminara, 2006). Such natural alternations of river flow are important in
maintaining biodiverse habitats for in stream wildlife, particularly benthic invertebrates (Garcia et al., 2012). In
the lower course, a river is generally wider, deeper and faster flowing, transporting far more water than the
upper courses. Here landforms such as floodplains: flat areas of land on either side of a river channel that can
be covered in flood events, deltas: formed at the mouth of a river when it deposits sediment material and
estuaries: bodies of water that contain both salt and fresh water such as mudflats and salt marshes.

Sediment

Sediments are naturally occurring materials which are broken down through the process of weathering and
erosion and transported by wind, water, or gravity. Sediments are most often transported by fluvial processes
and can affect the flow of rivers indirectly as they are removed transported and deposited along the length of
a river channel, changing its morphology. Sediments can be viewed as a sub-category of river topography
controls on flow as they are closely linked. Much like how rivers can be categorised into their upper, middle
and lower courses the sedimentation zones of a river can be described as follows (Fig 2):

Headwaters (Alexander et al., 2007; May, 2007):

The source zone, where headwater streams flow down steep mountain slopes, cutting deep valleys. This zone
is characterized by high mountains, glaciers, permafrost, snow, steep gradients, high ridges, and deep valleys.
The headwaters are also the zone of sediment production, as the steep gradients facilitate sediment
movement downwards, lower temperatures inducing freeze thaw erosion processes and high winds all
contributing to increased sediment production.

Transfer zone:

The lower-elevation zone where streams merge and flow down gentle slopes. This zone is characterized by
lower mountains and hills, steep slopes, mixed vegetation, and human activities such as agriculture. The
transfer zone is where the stream erodes less sediment but transports the sediment provided from the
headwaters.

Depositional zone (Wright, 1977):

The lowest-elevation zone where the river meanders across a broad, nearly flat valley and floodplain. At the
river's mouth, it may divide into separate channels as it flows across a delta or estuary extending out to sea. As
the velocity and thus transport capacity of the river has decreased it will deposit most of its sediment forming
these landforms which are often unique habitats for many niche species (Mclusky & Wolanski,

2012). Sediment transport from headwaters to depositional zones and the sea are also important pathways for
nutrient transport, especially to the oceans (Walling et al., 2001)
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Figure 2: The different sedimentation zones of a river (Federal Interagency Stream Restoration Working Group (US), 1998).

Vegetation

Vegetation can also influence river flow, both in channel and in the wider catchment. If a catchment is heavily
vegetated this can affect how long it takes water to reach a river channel. Vegetation intercepts precipitation,
increasing the lag time between rainfall events and peak discharge in the river. It also removes water from the
river system entirely through the processes of evaporation and transpiration from plant leaves. Vegetation
also contributes to shaping the river's form by reinforcing banks and creating natural barriers that alter flow
paths within the river. Vegetation can actually have quite a large effect on river morphology and flow, as
studies have down that uniform riparian vegetation along river banks can have enough of a stabilising effect to
reduce erosion and shift braided rivers into single channel river systems (van Dijk et al., 2013).

Animals

Whilst not having as significant effect on river flow as vegetation, animals can also play a role in shaping river
morphology and flow. Species known as ecosystem engineers can modify the landscape through direct and
indirect actions. The most notable and relevant examples of this are beavers, which can create large
impoundments which can dramatically alter the hydrology, morphology, ecology and water quality of a river
system (Brazier et al., 2021). Animals can also indirectly change river characteristics. Numerous studies have
looked at the effect large predators can play on reducing riverbank erosion (Beschta & Ripple, 2012; Ripple &
Beschta, 2004, 2012). The most famous example is from the reintroduction of wolves into Yellowstone
National Park, which changed the grazing behaviour of prey animals, forcing them to spend less time grazing
river banks allowing for increased riparian vegetation and thus greater bank stability and decreased lateral
erosion of river channels (Beschta & Ripple, 2009).



These studies highlight how difficult it is to determine the controlling factors on river flow, as every aspect of a
river catchment needs to be considered, from geology to flora and fauna, as well as regional and global
climatic patterns. Therefore, a holistic approach to river management is needed at many different levels, and
that anthropogenic modifications to river channels will have far ranging consequences by upsetting the
delicate balance of natural factors controlling river flow.



Human impacts on flow

Only a small fraction (fewer than 15%) of UK rivers maintains natural flow regimes (CEH, 2015). Over the
centuries, humans have modified rivers extensively for various needs: land drainage, flood control, water
supply, hydropower, navigation, fishing, and recreation. Such interventions have altered many rivers’ physical
characteristics, such as width and depth, impacting river flow, velocities, temperatures and water chemistry.
Land use changes, such as urbanization and agricultural drainage, can also significantly impact flow patterns by
changing the water balance in catchments. Urbanized areas, for instance, may not follow typical seasonal flow
patterns due to increased runoff from impermeable surfaces. Similarly, different types of agriculture can alter
evaporative demands based on the crops grown and the way in which they are planted (Shuttleworth &
Wallace, 1985; Szeicz et al., 1969).

Human activities often reduce natural flow rates in the UK, particularly in drier regions, where water extraction
from rivers and groundwater can cause considerable environmental stress. Conversely, flow rates can
sometimes be artificially increased through reservoir outflows, groundwater supplementation, or inter-basin
water transfers. Long-term river flow data often reflects human impacts more than natural and climate
variations (Hannaford & Buys, 2012).

The type of human activity which takes place in a river basin can influence river flow in a multitude of ways.
Outlined below are some of the most common and most impactful forms of human modifications which can
affect river flow:

Barriers

A river barrier is a structure or obstacle, either natural or man-made, which prevents the movement of aquatic
organisms either upstream or downstream. Barriers modify the flow and depth of water in river systems and
can influence water chemistry. They can have many purposes including industrial, agricultural, infrastructure,
flood defence, land reclamation, environmental management or aesthetic. The main purposes of river barriers
are usually to regulate flow regimes for human benefit which otherwise often experience seasonal variations.

Barriers directly alter flow by impounding water upstream and releasing water downstream creating unnatural
gradient steps in a river profile unsuitable to species which previously lived in the natural free flowing river.
River barriers can significantly change the structure and morphology of a river by altering sedimentation and
erosion patterns (Yu et al., 2022). Braided river systems for example, are being more tightly managed across
the world for water abstractions and flood prevention and are thus contributing to the decline in water quality
(Bora & Goswami, 2017). Such rivers typically have extreme high and low flows dependent on seasonality and
lots of geomorphological movement and thus constructing river barriers can lead to huge changes in river
morphology.

The altering of natural flow conditions by barriers can have negative impacts on aquatic organisms. Numerous
scientific studies have documented significant population decline of Atlantic Salmon in rivers which have had
their flow regulated by in-stream barriers (Jonsson & Jonsson, 2011; MacCrimmon & Gots, 1979; Parrish et al.,
1998). The accumulation of fine sediments upstream of river barriers can also lead to habitat degradation,
increased turbidity, reduced flow, and deoxygenation (Jensen et al., 2009).

Land use changes

Land use and land cover changes have a significant impact on river flow (Kayitesi et al., 2022). Changes in land
use, such as deforestation, urbanization, and agricultural expansion affect how watersheds handle rainfall by
modifying processes such as interception, infiltration, evapotranspiration, and groundwater recharge.

Deforestation:

Forests promote groundwater recharge through deep-rooted trees that enhance soil infiltration and base flow
and consume water through evapotranspiration. Deforestation, however, reduces infiltration, leading to



higher surface runoff, reduced groundwater recharge, and lower base flow, which increases flood risks and
depletes dry-season flows (Farinosi et al., 2019; Naha et al., 2021; Olang et al., 2011).

Agriculture:

Agricultural land is often prone to surface runoff, especially during early rains when vegetation cover is sparse
leading to more rapid conversion of rainfall to runoff (Bekele et al., 2021). The expansion of cultivated land at
the expense of natural vegetation typically reduces soil and water retention, thereby lowering rainfall
infiltration rates and increasing surface runoff as agricultural land is less densely vegetated and often a
monoculture (Sulamo et al., 2021). This also speeds up the flow of water toward stream networks (Getu Engida
et al., 2021). The lack of deep root systems found in forested areas, and dense canopy cover results in reduced
evapotranspiration and groundwater recharge, which further amplifies runoff (Das et al., 2018). Use of
farmland for grazing cattle will compact soil, reducing its infiltration rate (Hassaballah et al., 2017). The
compacted soil increases surface runoff, with more rainfall flowing directly into streams instead of recharging
groundwater (Baker & Miller, 2013).

Urbanisation:

Urban areas are covered in impervious surfaces, limiting infiltration and groundwater recharge. Soils and
vegetation cover are replaced by roads, buildings and pavements, leading to greater runoff, faster conveyance,
and higher flow peaks during rainfall events. In a study of 12 UK rivers over 40+ years where there has been
significant urbanisation in the catchment found that for every 1 % increase in urban land cover there is an
associated increase in the median of 1.9 % for low flow, 0.9 % for median flow, 0.9 % for mean flow, 1.1 % for
high flow, and 0.5 % for seasonal maximum flow across seasons (Han et al., 2022). Urbanisation is most likely
to be associated with increases in river flow across all seasons.

Overall, large-scale shifts from densely vegetated (forested) to less densely vegetated (non-forested) land
reduces infiltration and evapotranspiration while increasing surface runoff. This intensifies discharge rates
during storms, heightening flood risks, and contributes to drier conditions by reducing groundwater recharge
in the dry season, which may worsen drought severity.

Channel modification

For centuries, rivers have been extensively engineered to control floods, enhance navigation, support
irrigation, and supply freshwater and energy. Interventions such as building dams, installing weirs, levees,
channelization, river diversion, sediment mining, and dredging, have converted naturally meandering, braided,
or branching rivers into straighter, shorter, and single-thread channels with fixed paths. Notable examples
include the Rhine, Thames, and Danube rivers (Hohensinner et al., 2011).

When rivers forms and widths are fixed by human intervention, engineered rivers adapt to human
interventions by altering channel slope, often through bed incision or sediment buildup, and bed surface
texture (the grain size distribution of sediments on the riverbed) (Ylla Arbds et al., 2021). Significant bed
incision has been recorded in many engineered rivers, where narrowed channels increased flow velocity and
elevate sediment transport capacity (Quick et al., 2020). This causes the channel bed to erode downstream of
modifications to reach a new equilibrium slope suitable for sediment transport. However, such incision can
disrupt navigation due to decreased water depth over non-erodible sections and may elevate flood risks by
destabilizing in-river structures. It also impacts riparian ecosystems, causing disconnection between channels
and floodplains, lowering groundwater levels and altering flow conditions where the channel is modified, as
well as downstream flow conditions and in some cases (such as river barriers) upstream flow conditions as well
(Buijse et al., 2002; Hiemstra et al., 2022).

Climate forcing

The impact of anthropogenic climate change on river flow is much the same as how natural climate and
climate change influences river flow. The main difference being that it is human activity releasing greenhouse



gasses into the atmosphere which changes the water cycle, rather than natural shifts in climate observed from
proxy records from pre-history. Global studies or river systems response to climate change show that low flow
conditions (during drier seasons) will be the most significantly affected by future anthropogenic climate forcing
(Thompson et al., 2021). Academics have also demonstrated that past changes in river flow (such as increased
flooding events) can now be attributed to historical climate warming. A study of 22 flooding events on major
rivers across the globe between 2010-2013, found that 64% could be attributed to anthropogenic climate
change (Hirabayashi et al., 2021). The mechanisms of how anthropogenic climate change affects river flow are
no different to natural climate influences, but it is the accelerated rate at which climate changes are happening
because of human activity which is most concerning, as river, and the organisms which relay on them have less
time to adapt to these changes.

Abstraction

Water abstraction in the process of taking water from a natural resource such as a river, lake, spring or
groundwater aquifer for human usage (EPA, 2024). Water is generally piped, pumped or diverted for uses in
agriculture, industry or drinking water supply. Large water abstractions pose significant environmental risks
from reducing river flows, and thus need to be carefully regulated. Abstraction can alter the natural flow
regime either directly changing surface water flows or indirectly by lowering groundwater levels and
consequently affecting flows to springs, wetlands, lakes and rivers .The Scottish Environment Protection
Agency (SEPA, 2024), outline the following risks of reduced river flow from water abstractions in the UK:

e Drying out of rivers and wetlands

e High variable flows of water below hydropower stations and water supply reservoirs, resulting in bare
banks and potential stranding of fish

e Changing water levels in reservoirs, leading to regular drying out of the shoreline and preventing
growth of plants and spawning fish

e Interference to the flow of sediment downstream of dams, which reduces the amount of gravel
available (needed by fish to spawn).

e Interference with other users of the water environment (e.g. loss of dilution capacity and resulting
deterioration of water quality, or loss of abstraction capacity).



Abstraction in the UK

Periods of naturally low flow occur during extended dry spells (such as droughts) and play a key role in
supporting biodiversity. However, these low flows can be extended or worsened by unsustainable water
abstraction for public supply, industry, agriculture, or domestic use. Excessive groundwater abstraction lowers
groundwater levels, impacting river flows and may also lead to the intrusion of lower-quality water from the
sea or deeper aquifers.

Other artificial abstractions which impact flow include treated sewage discharge, water transfers between
catchments, and water storage and release from reservoirs. These activities can sometimes counterbalance
raw abstraction impacts or cause flow levels to vary significantly from their natural state.

For surface water bodies, flow is a critical factor in ecological assessments, with high-status classification in the
Water Framework Directive (WFD) requiring natural flow conditions. Outflow from groundwater also supports
surface water flows needed for biological health. Unsustainable abstraction rates reduce surface water flows,
leading to lower flow velocities, shallower depths, and decreased flow continuity, all of which can negatively
affect ecological conditions. Additionally, groundwater pumping can reduce local spring flows and water levels
essential for the ecological health of groundwater-dependent wetlands, especially during dry periods, as seen
especially in parts of eastern England.

The most recent abstraction figures for England stand at 10.4 billion cubic meters of water taken from non-
tidal surface waters and groundwater sources in 2017 (Defra, 2023). This is a 27% increase from the 8.2 billion
cubic meters abstracted in 2011. 13% of total abstractions were from groundwater whilst the rest came from
non-tidal surface waters. Groundwater abstraction has decreased from 2.4 billion cubic metres in 2000 to 2.1
billion cubic metres in 2018 (Fig 3).
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Figure 3: Water abstraction in England between 2000 and 2018 from non-tidal surface water and groundwater sources in billion
cubic meters (Defra, 2023).

According to Defra (2023) the increase in water abstraction from 2011 to 2017 is primarily due to water used
for electricity generation, which rose significantly from 1.4 billion cubic meters in 2011 to 3.3 billion cubic
meters in 2017. Abstraction for public water supply, comprising 51% of total abstraction from non-tidal waters,



has remained steady, with a 3% increase over this period to an estimated 5.3 billion cubic meters in 2017.
Water abstraction for fish farming, watercress production, and amenity ponds declined from 1.7 billion cubic
meters in 2000 to 0.9 billion cubic meters in 2017, with a similar reduction in abstraction for other uses, down
by approximately 0.7 billion cubic meters since 2000.

In 2018, overall abstraction estimates from non-tidal surface waters and groundwater remained stable.
Increases in water abstraction for spray irrigation and electricity generation were balanced by decreases in
abstraction for other industrial activities, as well as for fish farming, watercress cultivation, and amenity ponds.

Water supply in England is fully dependent on naturally occurring supplies of water from lakes, rivers,
reservoirs and ground water sources. The problem is that these natural sources cannot supply enough water
to meet the UK’s demands and provide enough left over to maintain adequate flow for our rivers and lakes to
thrive. This is true in normal conditions. In periods of drought, UK water bodies are under even more intense
pressure

There are three principal drivers behind the projected increase in in the UK’s water supply deficit which is
driving unstainable levels of water abstraction and reducing river flow:

Population change: Average water consumption per person, per day, in England is 142 litres (Sulamo et al.,
2021). The UK’s population is set to increase by approximately 4 million people by 2045 (Office for National
Statistics, 2020). The majority of that increase will occur in England — mostly in the already severely water-
stressed southeast. This population change represents an increase in demand of 570 million litres of water per
day.

Climate change: In addition to an overall rise in temperature, England will experience changes to annual
rainfall distribution culminating in shorter, wetter spells either side of longer, drier periods. As part of this,
England can expect an increase in the frequency of extreme weather events. Both drought and flash floods will
have negative impacts on our water resources.

Abstraction licence change: It is estimated that 700 million litres of water is currently unsustainably abstracted
by water companies every day (Environment Agency, 2020). This figure could be set to increase to 2 billion by
2050. The National Framework for Water Resources has set the target for all unsustainable abstraction to be
replaced between 2025 and 2050.

Currently, only 16% of rivers are classified as healthy according to the WFD, and freshwater species are
declining quicker than any other (UK Gov, 2022). Wild fish populations continue to decline, with salmon
populations failing to meet even the most basic conservation limits and now listed as endangered on the IUCN
Red List. Our rivers and the species which depend on them are already severely stressed and not resilient to
change. This means low flows and drought, exacerbated by abstraction during these naturally vulnerable
times, will have even greater impacts on them.

If England were to experience an extreme drought, demand would outstrip supply even now in 2025. If this
were to occur, water companies would be forced to take extra water from rivers, lakes, and groundwater
sources to ensure public water supply didn’t fail. Many rivers already suffer from over-abstraction and low
flows, and adding drought conditions and extra abstraction would devastate freshwater ecosystems.

UK water supply would fail to meet demand in a drought because water companies have failed to invest, over
many years, in alternative water supply sources. Additional abstraction, through drought permits, continues to
remain the cheapest solution for water companies, leading to increasing periods of low flows unsuitable for
maintaining aquatic biodiversity. The last reservoir built in England was constructed over 30 years ago. The
next reservoir’s (Havant Thicket in Hampshire) completion date keeps getting pushed back and now looks
unlikely to be completed before 2034. Currently in the UK rivers are the only source of additional water to
maintain our water supply in times of extreme drought.



Effects of abstraction on the River Kennet (WWF, 2009):

A report by the WWF-UK highlighted the ecological impact of over-abstraction on the River Kennet, a chalk
stream tributary of the River Thames which flows through Wiltshire and Berkshire in Southern England. The
River Kennet being a chalk stream provides unique habitats and species yet has been classified as
"unfavourable" in terms of its ecological status, primarily due to reduced flows and falling groundwater levels.
These issues are partly due to water abstraction by Thames Water for the Swindon-Oxford area, where a
significant portion of abstracted water does not return to the river, causing a net depletion of river flow.
Studies show that abstraction has led to reduced summer river flows, with reductions reaching 35-40% during
droughts, which affects species such as water crowfoot, dependent on fast-moving, clear water.

The Axford abstraction point saw regulatory adjustments to reduce its environmental impact, and further
reductions are planned. However, Thames Water forecasts increased demand in the region by 2030, largely
from population growth and household demand, which may continue to pressure river flows.

Climate change adds to these pressures, with predictions of increased winter precipitation but uncertain
summer rainfall patterns, which would lead to reduced flows and water quality issues. Future river
management strategies for the Kennet emphasize “low-regret” actions that can adapt to various climate
scenarios. Overall, the River Kennet case study underscores the importance of sustainable abstraction levels to
protect ecological integrity in the face of rising demand and climate uncertainties and the difficult challenges
of achieving this.



The effects of flow on aquatic wildlife:
Invertebrates

Almost all rivers undergo discharge increases; these can stem from natural events (such as increased rainfall)
or anthropogenic modifications. In an ecological sense, the term ‘flood’ embodies any increase in discharge.
During periods of flooding, invertebrates are affected directly and indirectly through habitat changes caused
by water velocity and physical scouring from the initiation of bed movement (Bunn & Arthington, 2002).
Scouring can cause damage to them and their food source. During extreme high flows, river invertebrates may
be swept downstream in large numbers. This so-called "catastrophic drift" leads to a major redistribution of
animals, as well as reduced fitness and increased mortality among drifters. The term catastrophic drift is used
to distinguish between the normal daily and seasonal rhythms in drift and the large-scale loss of animals
observed during floods; thus, it is synonymous with disturbance. Gibbins et al. (2007) used portable flumes to
recreate the conditions of small frequent floods within a gravel bed river. They found that the total number of
individuals lost from the bed and the taxonomic composition of the drift were influenced strongly by shear
stress and bedload. At the highest bedload transport rates taxonomic composition of the drift was closer to
that of the benthic community than it was when the bed material was stable. The authors concluded from this
work that discharge events not considered as disturbances in geomorphic terms may initiate frequent
episodes of catastrophic drift from patches of streambed. Bruno et al. (2010) also found a relationship
between high flow events and considerable loss of benthic invertebrate populations to drift. Drifting
invertebrates were collected during a planned water release that increased the discharge 7-fold. Peaks in
drifting invertebrates occurred within 5-10 min and the number of invertebrates lost from the riverbed per
minute to the drift increased 9-fold at the first downstream station with same effects occurring 8 km
downstream.

Natural seasonal inundation of floodplains at peak flood times is critical for channel migration, an important
phenomenon for maintaining high levels of habitat diversity across floodplains. However, river regulation can
shift seasonal timing and change magnitude with major ramifications for aquatic and terrestrial biota (Ward &
Stanford, 1995). Although numerous studies have shown the negative response floods have on invertebrates
(through reduced abundance and diversity), invertebrates do persist even in very flood-prone streams and
recovery from most flooding events is relatively rapid (Death, 2008). A meta-analysis by McMullen & Lytle,
(2012) found a significant reduction in overall invertebrate abundance and a reduction in abundance of major
groups of invertebrates immediately after flood events in rivers on a global scale. The declines were evident
despite large differences in river type (parent geology, gradient, catchment size), regional climate, and
continental setting. It was also found that invertebrate abundance was generally lowered by at least one-half
after flood events and although sample sizes were not sufficient to examine all taxonomic groups, floods had a
significant, negative effect on densities of Coleoptera, Eumalacostraca, Annelida, Ephemeroptera, Diptera,
Plecoptera, and Trichoptera. However, despite the observed large effects of flood events on invertebrate
communities, they appear to be relatively short-lived, reflecting the high resilience of many invertebrate taxa.
Robinson & Uehlinger (2008) evaluated the long-term effects of floods on a regulated river. Although floods
reduced invertebrate richness and biomass after the first year the density of organisms recovered quickly
between floods. However, these were mostly smaller short-lived taxa like baetid mayflies and protonemurid
stoneflies. It was found that later floods had ~30% less of an effect on macroinvertebrates than the earlier
floods of similar magnitude, indicating that the new assemblage structure is more resilient to flood
disturbance. The authors hypothesised that regular flooding caused an ecosystem regime shift that took three
years to unfold.

At the opposite end of the spectrum, hydrological connectivity is disrupted when rivers experience drought
conditions. These disruptions range from flow reduction to complete loss of surface water. Longitudinal
patterns as to where flow ceases and where drying up occurs differ between streams (Lake, 2003). Defining
drought hydrologically is problematic because the return times, intensity, duration and long-term trends in
low-flow periods are specific to regions and times. Droughts may instead be referred to as ‘significant low-flow
periods’ (Humphries & Baldwin, 2003). Generally, as flows decrease habitat space is reduced and invertebrate
richness commonly decreases; invertebrate taxa differ in their environmental tolerances and needs, so any
loss of habitat area or alteration of food resources from decreased flow can influence organism behaviour and
biotic interactions (Dewson et al., 2007). Natural low flows and artificially reduced flows have similar effects



on invertebrates, but the severity (duration and magnitude) of the flow decrease can influence invertebrate
responses (Dewson et al., 2007).

A significant proportion of studies examining the effects of low flows on invertebrates have involved
monitoring changes in the invertebrate community composition upstream and downstream of artificial flow
decreases, specifically water abstractions. Miller et al. (2007) found that in an intensively managed agricultural
catchment high-intensity, relatively short-duration irrigation water withdrawals (<2 months) and the
associated alterations to the physicochemical environment changed the relative abundance of
macroinvertebrate communities, while macroinvertebrate indices and proportional abundances of functional
feeding groups remained unchanged. However, discharge reductions exceeding 90% of ambient levels and
temperatures above 30 °C were associated with shifts in community composition from a dominance of
collector-gatherer and filterer Ephemeroptera, Plecoptera and Trichoptera taxa to predatory insects and
scraping elmid beetles. Studies investigating the effects of human-induced flow reductions on aquatic biota
upstream and downstream of abstraction points are often tainted by the potential for synergistic interaction
of multiple environmental variables such as temperature and oxygen. Therefore, determining the effects
caused by reduced flow alone is not usually possible. James et al. (2009) overcame this problem using
experimental channels, as flows could be closely manipulated without causing large alterations to other
variables. They found that invertebrates were actually exhibiting resistance to the experimental flow
reduction, with the effects of increased magnitude and duration of flow reduction being restricted to changes
in the relative abundances of just a few taxa. Prolonged low flows did not result in predictable changes and if
invertebrates can persist at flows much lower than their supposed optima, using hydraulic-habitat models to
set minimum flows could be unsuitable. Walters (2011) also created an experimental low-flow stream set up,
but this work looked at community trait composition of aquatic insects in response to reduced flow
disturbance. Desiccation resistance was not found to be a favoured trait; high crawling rate and armouring
were found to be the trait states that conferred increased resistance. As these traits provide improved
protection from predators, the author hypothesised that biotic interactions could also be a key driver in
shaping invertebrate communities during low-flow disturbance conditions.

Many historically perennial streams have already become intermittent as a result of excessive abstraction and
impoundment (Belmar et al., 2010). Arscott et al. (2010) examined the community structure and life history
traits of benthic invertebrates along an intermittence gradient. The following intermittence metrics were used:
flow permanence (average % time that flowing water is present), flow duration, frequency of drying, and
distance to the nearest perennial site. Overall, community structure in perennial river sections was richer and
denser than intermittent river sections. The strongest relationships between taxon-richness and density
metrics related to flow duration, flow permanence and a combination of the two. The results indicated that
0.5 taxa/m? would be added with every 10-day increase in flow duration and 1.9 taxa/m?would be added with
every 10% increase in flow permanence. Communities at river sections with intermittent flow were a nested
subset of the perennial communities with desiccation sensitive taxa being progressively removed with
increasing intermittence. Proportions of taxa with plurivoltine reproduction and small sizes decreased with
increasing flow permanence and flow duration. Bogan et al. (2013) also found that invertebrate richness was
lower in intermittent river reaches when compared to consistent reaches despite the two often being
connected. However, in this study stoneflies, midges and blackflies with intermittency adaptations such as
larval/egg diapause dominated the assemblages, rather than being a nested subset of the species in the
consistent reaches. The authors highlighted that intermittent flow river sections support a multitude of unique
and locally rare species so need special consideration in conservation planning.

A number of studies have demonstrated that high faunal diversity can still be achieved irrespective of flow
manipulation as long as habitat heterogeneity is maintained (Armitage, 1995). Suren & Jowett, (2006)
compared the relative importance of floods and low flows in structuring invertebrate communities. They found
that after low flow events the densities of most invertebrates either remained unchanged or increased. Four
taxa did show a density decline but this was in response to a very long period (up to 9 months) of low flow and
was attributed to loss of available habitat. The authors concluded that invertebrate communities were more
susceptible to changes due to floods and these changes were greater than even extended periods of extreme
low flow. It was also found that the degree of change was proportional to flood magnitude. Dunbar et al.
(2010) also compared the effects of high and low flows on invertebrate communities, by looking at LIFE scores.
However, in this study their responses in highly modified/resectioned river channels versus less modified



channels were explored. Morphological structure did influence the response of the biota during high and low
flows. Habitat modification, specifically extent of resectioning, influenced not only the overall magnitude of
the LIFE score but also the slope of response of LIFE score to flow. The less modified channels were able to
maintain greater habitat diversity and stability of substratum, thus providing more refuges for invertebrates at
extreme high and low flows. Because of these refuges at the least modified sites, taxa preferring faster velocity
discharge, including caseless caddis species (notably from the genera Hydropsyche and Rhyacophila),
numerous mayfly species and Gammarus pulex were able to continue to exist in reduced numbers during low
flows, whereas at the highly modified sites these taxa generally disappeared during low flows. Work by Lake
(2003) emphasised that restoration of streams must include the provision of drought refugia for invertebrates
and the inclusion of drought in the long-term flow regime, stating that invertebrate survival in refugia strongly
influences the capacity of biota to recover from droughts once they break. A review by Garcia et al. (2012) also
corroborates the concept of flow refugia enabling the persistence of species that would otherwise be unable
to resist hydraulic stress, leading to increases in faunal diversity. However, as re-meandering is one of the most
favoured mechanisms to restore natural flow regimes, the authors identify the need for studies on whether
meanders have any specific physical or hydraulic features that lead to the origin of flow refuges for benthic
invertebrates.

Fish
Migration:

There is a clear consensus that modified flow regimes in regulated rivers affects fish and fish habitat, but the
severity and direction of the response varies widely. Anadromous fish species feed and grow at sea but
migrate into freshwater to spawn. To maintain natural anadromous salmonid populations both adult upstream
and juvenile downstream migrations are essential (Rivinoja, 2005). Studies have shown that water discharge
appears to be an important factor stimulating adult Atlantic salmon (Sa/mo salar) to enter rivers from the sea
and it is elevated flows that stimulate their upstream migration (Bagliniére et al., 1990; Dunkley & Shearer,
1982; Smith et al., 1994). At very low flows salmon are inactive and do not attempt to migrate upstream
(Cragg-Hine, 1985). Stewart (1973) found in northwest England that at flows of 2.4 ml/d per m of width or less
no upstream salmonid movement occurred, this was named ‘absolute survival flow’. Migration reached a peak
of intensity at a mean flow of 17.3 ml/d per m, with migration reducing at flows higher than this value.
Hembrel et al. (2001) found evidence supporting that high water discharge and temperature triggered the
brown trout (Salmo trutta) smolt run in a Norwegian river. When the discharge was lower than 50 m® per
second few smolts descended. Similar results were found by Aldvén et al. (2015) for brown trout and Atlantic
salmon in a Swedish river. Peak migration occurred at discharges above 1 m? per second. Discharge had the
greatest effect on downstream migration, but temperature was also important when there was no increase in
discharge.

Often diverse bypasses are built to preserve or renew migration possibilities for fish in regulated rivers (Calles
& Greenberg, 2005). To control water discharge, artificial freshets may be used to encourage the upstream
and downstream migrations of Atlantic salmon. A section of the river Mandal, Norway was manipulated in
2004 to provide artificial freshets in order to encourage Atlantic salmon smolt migration past hydropower
intakes. Testing and modelling indicated that increasing water discharge into the bypass resulted in a large
increase in smolt migration through the bypass section (Fjeldstad et al., 2012). The developed migration route
choice model showed that bypass migration generally decreased with increasing total discharge but increased
with increasing proportional diversion of the total flow to the bypass. The authors recommended that power
production planning for low discharges during spring, and spill of water into the bypass during smolt migration
times could increase smolt survival significantly. Lundqvist et al. (2008) demonstrated that larger artificial
freshets may have more successful effects on salmon passing a power-station but the general consensus is
that relatively short and small artificial freshets in large regulated rivers may not work. Results in Thorstad et
al. (2005) indicated that artificial freshets did not seem to stimulate upstream salmon migration in residual
flow stretches to a large extent, although small effects were found during one of the sample years. They
speculated that the effects of water discharge on upstream salmon migration are being exaggerated,
particularly in large rivers with a generally high water discharge.



Reduced flows can also present a physical barrier, preventing anadromous fish from completing their life
cycles. Lack of availability of one or more habitats or poor connectivity between habitats is likely to act as a
bottleneck and lead to population decline (Lucas et al., 2009). The accessibility of many tributaries to fish is
dependent on water discharge. Gosset et al.(2006) found in their study that physical obstacles for migrating
adult brown trout usually corresponded to water abstraction (for hydropower plants, water supply and
irrigation). They hypothesised that loss of water discharge increases fragmentation at the entrance of
tributaries. In most cases, migrating fish will have to await an increase in discharge to enter the tributary and
the loss of time and energy caused by waiting will compromise their reproductive success as well as their
survival probability. Work by Lucas et al. (2009) demonstrated that the combination of small-scale
obstructions and low river discharge can affect the distribution of key habitats, especially access to habitats
required by relatively mobile megafauna. Despite there being over 98% of suitable spawning habitat for river
lamprey (Lampetra fluviatilis) more than 51 km upstream, an annual average of just 1.8% of the combined
site-specific maximum daily counts of spawning river lamprey occurred there. The results showed that passage
at obstructions, including those with fishways, was almost always associated with strongly elevated river
discharge. Areas subject to unnaturally low water flows can also experience greater peaks in water
temperature, especially in summer months, which many fish are unable to tolerate (Hendry et al., 2003).

The passability (percentage of fish which can successfully navigate past an obstacle) of ‘passable’ manmade
barriers must also be considered when considering fish passages past river obstacles. No barrier will be 100%
passable and reducing the passability only slightly can have compounding consequences (Buddendorf et al.,
2019). This can have escalating knock-on consequences for habitat connectivity upstream and has been shown
to reduce Dendric Connectivity Index (DCI) even when fish pass efficiency is as high as 95% (Fig 4). Fish barrier
efficiency must also account for the downstream movement of fish. While most passages are focused on the
upstream movement of fish, diadromous fish must also migrate downstream either as smolts in the case of
salmonids or, silver eels in the case of eels. This means that some fish ladders may actually only serve as one-
way route for migrating fish, only partially mitigating the environmental impacts they were intended to reduce
(Agostinho et al., 2007). A comprehensive literature review of 65 articles from 1960 to 2011 looking at fish
passage efficiency found that downstream passage efficiency was 68.5%, and upstream passage efficiency was
41.7% (Noonan et al., 2012). Salmonids were more successful than non-salmonids in passing upstream (61.7
vs. 21.1%) and downstream (74.6 vs. 39.6%) through fish passage facilities. The type of fish passage present
also significantly affected barrier passability, with pool/weir ladders and vertical slot passages having the
highest efficiency and baffle and fish elevators having the lowest (Noonan et al., 2012).
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Figure 4: Density plots of DCI for impassable manmade barriers (yellow) and passable manmade barriers (blue) where the passability
of Passable Manmade Barriers is 100%, 95%, 90%, 85%, 80%, and 75% in subplots a—f, respectively (Buddendorf et al., 2019).

Habitat:

In regulated rivers, canalisation and reduced water discharge may lead to loss or impairment of salmonid
spawning areas, thereby having negative effects on stock recruitment (Barlaup et al., 2008). Flow velocity of
water through salmonid redds is considered a key factor controlling the survival of incubating eggs as it brings
dissolved oxygen and removes metabolic waste (Zimmermann & Lapointe, 2005). Adequate flows are
necessary for salmonid eggs to ensure oxygen needs are met and excessive fine sediment deposition is
prevented. Additionally, under high flow events capable of mobilising gravel, salmonid eggs may be damaged
or washed out of redds causing them to die (Acreman & Ferguson, 2010). As a result, it is essential for
spawning salmon to select redd sites that meet the flow requirements of the eggs. A meta-analysis of various
literature on Atlantic salmon and brown trout spawning habitat criteria by Louhi et al. (2008) showed that
Atlantic salmon spawning sites are characterised by water depth of between 20 and 50 cm and flow velocity
between 35 and 65 cm s. When different sized rivers were independently analysed, local variability was
evident. Salmon in larger rivers used deeper water (30-55 cm), whereas in smaller rivers they preferred
shallower areas of around 10-30 cm. When all sizes of rivers were analysed in combination, trout redds were
mainly located in depths of 15-45 cm and velocities of 20-55 cm s™%. Interactions between discharge and
microhabitat factors for trout were not as clear as for salmon, although in large streams, spawning sites were
in deeper water (20-55 cm) and lower velocities (20-40 cm s?). Local variability in spawning discharge
preference had previously been identified by Gibbins et al. (2002). The locations used by spawning Atlantic



salmon in a reach of the Girnock Burn, Scotland, were monitored over three successive years. Spawning fish
used relatively high discharges, with the highest electivity value being for a discharge approximately three
times the reach median flow. However, fish spawning in the upper parts of the catchment selected higher
relative discharges compared to those in lower parts. The minimum discharge used for spawning also
increased significantly with distance up the catchment (Gibbins et al., 2008). The explanation for these
different localised preferences is speculated to relate to the interactions between discharge, channel
geomorphology and point hydraulic conditions, as spawning locations function and respond to changes in
discharge quite differently (Malcolm et al., 2012). Spawning fish will also avoid periods of rapidly varying
discharge so rates of flow change are also an important part of redd habitat selection (Moir et al., 2006).

Throughout their different life stages salmonids actively select habitats with particular combinations of water
depth, velocity, and substrate (Armstrong et al., 2003). Water velocity has been categorised as the most
important environmental feature characterising the habitat of stream-living fishes (Heggenes, 1996). An
experimental study by Pakkasmaa & Piironen (2000) showed that both juvenile Atlantic salmon and brown
trout were able to adapt to different flow velocity environments through morphological differentiation. In fast
flows salmon became more robust, whereas brown trout became slightly more streamlined. These
morphological changes occurred very rapidly, within a month of exposure to the different water flows. As it
was previously demonstrated that brown trout prefer deep stream areas with moderate to low water
velocities and rocky substrates, whereas young Atlantic salmon choose faster flowing and shallower areas
(Heggenes, 1996), the different morphological responses observed may be a reflection of their different
habitat preferences. Paez et al. (2008) found that mature Atlantic salmon parr captured in higher velocity
rapids are significantly smaller than fish found in slow-current habitats. They proposed that water current
velocity contributes to the size difference through the extra energetic demands experienced as body shape
enlarges and movement is further limited in faster currents. However, despite the extra energy expenditure
associated with higher velocity environments, no difference in the gonadal somatic index between habitats
was found. If water velocity is proven to have a causal effect on body size, water velocity will have a direct
impact on the reproductive success of mature parr (given the importance of salmon size during spawning).
Flow regime may have its strongest influence via effects on streambed composition-associated changes in
shelter availability. The availability of shelter in salmonid habitats has been shown to be a key factor in parr
growth and survival. When flow regulation is large enough to prevent the occurrence of bed-mobilising flows,
streambeds can become armoured because of increasing embeddedness and packing of substrate. These
effects will in turn reduce the availability of interstitial shelter space to salmon parr (Nislow & Armstrong,
2012)



Conclusions

River flow and abstraction are crucial factors influencing water quality and aquatic biodiversity, particularly
here in the UK where naturally river regimes are predominantly only pluvial, and can be more heavily
influenced by anthropogenic activities. Flow is often regarded as the "master variable" for riverine ecosystems,
dictating the physical conditions that support diverse biological communities. Variability in river flow, derived
from natural processes like rainfall and snowmelt, is essential for sustaining habitat diversity, which is vital for
different life stages of aquatic species. Anthropogenic activities significantly disrupt natural flow regimes
through water abstraction and the construction of barriers, affecting approximately 63% of the world's rivers.
In the UK, only about 1% of rivers remain free from artificial barriers, leading to severe alterations in flow
dynamics. This disruption can concentrate pollutants due to reduced water volume, degrading water quality.
As abstraction decreases river flow, pollutants become more concentrated, or water is returned in worse
quality, or in a different location, exacerbating ecological stress.

The ecological consequences of altered flow regimes are profound. Riverine species, especially migratory fish,
rely on specific flow conditions for migration, spawning, and overall survival. Reduced flows can hinder the
natural migration of fish, such as Atlantic salmon, which require adequate discharge to navigate upstream for
spawning. Low-flow conditions can lead to increased sedimentation and higher water temperatures, both
detrimental to aquatic organisms.

Abstraction also impacts groundwater levels, which can reduce base flows in rivers and affect wetland
ecosystems. In regions like Eastern England, excessive groundwater abstraction lowers water levels and
disrupts the ecological integrity of groundwater-dependent wetlands and chalk streams, further reducing
aquatic biodiversity.

Climate change adds another layer of complexity, as it alters precipitation patterns and river flow regimes at
local, regional and global scales. Although the UK has experienced increased rainfall in the past decades,
climate models predict that river flows will likely decline in the future, making low-flow events more common
and severe. This shift poses additional risks to aquatic habitats and species that are already under pressure
from abstraction, and compounded by population growth and urban expansion, could have disastrous
consequences for freshwater species, which are already declining faster than marine and land animals globally,
and in the UK.

Maintaining natural flow regimes and managing abstraction rates are critical for protecting water quality and
supporting aquatic biodiversity in the UK. Sustainable water management practices must consider both the
ecological needs of species and the hydrological impacts of human interventions to ensure the health of
riverine ecosystems. Current water policy in the UK, and the actions of private water companies are
exuberating the threat posed to aquatic wildlife from changing river flow conditions due to climate change.
How we plan to manage UK freshwater in the future must account for the threats posed by climate change and
human activities, and inform our current understanding of the natural flow regimes which control UK rivers.



References:

Acreman, M. C., & Ferguson, A. J. D. (2010). Environmental flows and the European Water Framework
Directive. Freshwater Biology, 55(1), 32—48. https://doi.org/10.1111/j.1365-2427.2009.02181.x

Aldvén, D., Degerman, E., & Hojesjo, J. (2015, February 1). Environmental cues and downstream migration of
anadromous brown trout (Salmo trutta) and Atlantic salmon (Salmo salar) smolts. | Boreal
Environment Research | EBSCOhost.
https://openurl.ebsco.com/contentitem/gcd:100787388?sid=ebsco:plink:crawler&id=ebsco:gcd: 1007
87388

Alexander, R. B., Boyer, E. W., Smith, R. A., Schwarz, G. E., & Moore, R. B. (2007). The role of headwater
streams in downstream water quality 1. JAWRA Journal of the American Water Resources Association,
43(1), 41-59.

AMBER Consortium. (2020). The AMBER Barrier Atlas. A Pan-European database of artificial instream barriers.
Version 1.0. https://amber.international/european-barrier-atlas/

Armitage, P. D. (1995). Faunal community change in response to flow manipulation.

Armstrong, J. D., Kemp, P. S., Kennedy, G. J. A., Ladle, M., & Milner, N. J. (2003). Habitat requirements of
Atlantic salmon and brown trout in rivers and streams. Fisheries Research, 62(2), 143-170.
https://doi.org/10.1016/50165-7836(02)00160-1

Arnell, N. W., & Gosling, S. N. (2013). The impacts of climate change on river flow regimes at the global scale.
Journal of Hydrology, 486, 351-364. https://doi.org/10.1016/j.jhydrol.2013.02.010

Arscott, D. B., Larned, S., Scarsbrook, M. R., & Lambert, P. (2010). Aquatic invertebrate community structure
along an intermittence gradient: Selwyn River, New Zealand. Journal of the North American
Benthological Society, 29(2), 530-545. https://doi.org/10.1899/08-124.1

Bagliniére, J. L., Maisse, G., & Nihouarn, A. (1990). Migratory and reproductive behaviour of female adult
Atlantic salmon, Salmo salar L., in a spawning stream. Journal of Fish Biology, 36(4), 511-520.
https://doi.org/10.1111/j.1095-8649.1990.tb03553.x

Baker, T. J., & Miller, S. N. (2013). Using the Soil and Water Assessment Tool (SWAT) to assess land use impact
on water resources in an East African watershed. Journal of Hydrology, 486, 100-111.

Barlaup, B. T., Gabrielsen, S. E., Skoglund, H., & Wiers, T. (2008). Addition of spawning gravel—A means to
restore spawning habitat of atlantic salmon (Salmo salar L.), and Anadromous and resident brown
trout (Salmo trutta L.) in regulated rivers. River Research and Applications, 24(5), 543-550.
https://doi.org/10.1002/rra.1127

Bekele, D., Alamirew, T., Kebede, A., Zeleke, G., & Melesse, A. M. (2021). Modeling the impacts of land use and
land cover dynamics on hydrological processes of the Keleta watershed, Ethiopia. Sustainable
Environment, 7(1), 1947632.

Belmar, O., Velasco, J., Martinez-Capel, F., Marin, A. A., & Martinez-Capel, F. (2010). Natural flow regime,
degree of alteration and environmental ows in the Mula stream (Segura River basin, SE Spain).
Limnetica, 29(2), 0353-0368.

Berrie, A. D. (1992). The chalk-stream environment. Hydrobiologia, 248(1), 3-9.
https://doi.org/10.1007/BFO0008881



Beschta, R. L., & Ripple, W. J. (2009). Large predators and trophic cascades in terrestrial ecosystems of the
western United States. Biological Conservation, 142(11), 2401-2414.

Beschta, R. L., & Ripple, W. J. (2012). The role of large predators in maintaining riparian plant communities and
river morphology. Geomorphology, 157, 88-98.

Bogan, M. T., Boersma, K. S., & Lytle, D. A. (2013). Flow intermittency alters longitudinal patterns of
invertebrate diversity and assemblage composition in an arid-land stream network. Freshwater
Biology, 58(5), 1016—-1028. https://doi.org/10.1111/fwb.12105

Bora, M., & Goswami, D. C. (2017). Water quality assessment in terms of water quality index (WQl): Case study
of the Kolong River, Assam, India. Applied Water Science, 7(6), 3125-3135.
https://doi.org/10.1007/s13201-016-0451-y

Brazier, R. E., Puttock, A., Graham, H. A., Auster, R. E., Davies, K. H., & Brown, C. M. L. (2021). Beaver: Nature’s
ecosystem engineers. WIREs Water, 8(1), e1494. https://doi.org/10.1002/wat2.1494

Bruno, M. C., Maiolini, B., Carolli, M., & Silveri, L. (2010). Short time-scale impacts of hydropeaking on benthic
invertebrates in an Alpine stream (Trentino, Italy). Limnologica, 40(4), 281-290.

Buijse, A. D., Coops, H., Staras, M., Jans, L. H., Van Geest, G. J., Grift, R. E., Ibelings, B. W., Oosterberg, W., &
Roozen, F. C. (2002). Restoration strategies for river floodplains along large lowland rivers in Europe.
Freshwater Biology, 47(4), 889-907.

Bunn, S. E., & Arthington, A. H. (2002). Basic principles and ecological consequences of altered flow regimes for
aquatic biodiversity. Environmental Management, 30, 492-507.

Calles, E. O., & Greenberg, L. A. (2005). Evaluation of nature-like fishways for re-establishing connectivity in
fragmented salmonid populations in the river Eman. River Research and Applications, 21(9), 951-960.

Carlier, C., Wirth, S. B., Cochand, F., Hunkeler, D., & Brunner, P. (2018). Geology controls streamflow dynamics.
Journal of Hydrology, 566, 756—769. https://doi.org/10.1016/j.jhydrol.2018.08.069

CEH. (2015, March 9). UK River and Flow Regimes. National River Flow Archive. https://nrfa.ceh.ac.uk/uk-river-
flow-regimes

Cragg-Hine, D. (1985). The assessment of the flow requirements for upstream migration of salmonids in some
rivers of North West England.

Curie, F., Gaillard, S., Ducharne, A., & Bendjoudi, H. (2007). Geomorphological methods to characterise
wetlands at the scale of the Seine watershed. Science of the Total Environment, 375(1-3), 59-68.

Das, P., Behera, M. D., Patidar, N., Sahoo, B., Tripathi, P., Behera, P. R., Srivastava, S. K., Roy, P. S., Thakur, P., &
Agrawal, S. P. (2018). Impact of LULC change on the runoff, base flow and evapotranspiration
dynamics in eastern Indian river basins during 1985-2005 using variable infiltration capacity
approach. Journal of Earth System Science, 127, 1-19.

Death, R. G. (2008). The effect of floods on aquatic invertebrate communities. In Aquatic insects: Challenges to
populations (pp. 103—121). CABI Wallingford UK.

DEFRA. (2018). Water abstraction statistics: England, 2000 to 2018. GOV.UK.
https://www.gov.uk/government/statistics/water-abstraction-estimates/water-abstraction-statistics-
england-2000-to-2018



Defra. (2023). Water abstraction statistics: England, 2000 to 2018. GOV.UK.
https://www.gov.uk/government/statistics/water-abstraction-estimates/water-abstraction-statistics-
england-2000-to-2018

Dewson, Z. S., James, A. B., & Death, R. G. (2007). A review of the consequences of decreased flow for instream
habitat and macroinvertebrates. Journal of the North American Benthological Society, 26(3), 401-415.

Dunbar, M. J., Pedersen, M. L., Cadman, D. A. N., Extence, C., Waddingham, J., Chadd, R., & Larsen, S. E. (2010).
River discharge and local-scale physical habitat influence macroinvertebrate LIFE scores. Freshwater
Biology, 55(1), 226-242.

Dunkley, D. A., & Shearer, W. M. (1982). An assessment of the performance of a resistivity fish counter. Journal
of Fish Biology, 20(6), 717-737.

Environment Agency. (2020). Meeting our future water needs: A national framework for water resources —
accessible summary. GOV.UK. https://www.gov.uk/government/publications/meeting-our-future-
water-needs-a-national-framework-for-water-resources/meeting-our-future-water-needs-a-national-
framework-for-water-resources-accessible-summary

EPA. (2024). Water resources and abstractions. Environmental Protection Agency. https://www.epa.ie/our-
services/monitoring--assessment/freshwater--marine/rivers/water-resources-and-abstractions/

Farinosi, F., Arias, M. E., Lee, E., Longo, M., Pereira, F. F., Livino, A., Moorcroft, P. R., & Briscoe, J. (2019). Future
climate and land use change impacts on river flows in the Tapajds Basin in the Brazilian Amazon.
Earth’s Future, 7(8), 993-1017.

Federal Interagency Stream Restoration Working Group (US). (1998). Stream corridor restoration: Principles,
processes, and practices. Federal Interagency Stream Restoration Working Group.

Fjeldstad, H. P., Uglem, I., Diserud, O. H., Fiske, P., Forseth, T., Kvingedal, E., Hvidsten, N. A, @kland, F., &
Jarnegren, J. (2012). A concept for improving Atlantic salmon Salmo salar smolt migration past hydro
power intakes. Journal of Fish Biology, 81(2), 642-663.

Garcia, X.-F., Schnauder, 1., & Pusch, M. T. (2012). Complex hydromorphology of meanders can support benthic
invertebrate diversity in rivers. Hydrobiologia, 685, 49-68.

Getu Engida, T., Nigussie, T. A., Aneseyee, A. B., & Barnabas, J. (2021). Land Use/Land Cover Change Impact on
Hydrological Process in the Upper Baro Basin, Ethiopia. Applied and Environmental Soil Science,
2021(1), 6617541. https://doi.org/10.1155/2021/6617541

Gibbins, C. N., Moir, H. J., Webb, J. H., & Soulsby, C. (2002). Assessing discharge use by spawning Atlantic
salmon: A comparison of discharge electivity indices and PHABSIM simulations. River Research and
Applications, 18(4), 383-395.

Gibbins, C., Shellberg, J., Moir, H., & Soulsby, C. (2008). Hydrological influences on adult salmonid migration,
spawning, and embryo survival. American Fisheries Society Symposium, 65, 195-223.

Gibbins, C., Vericat, D., & Batalla, R. J. (2007). When is stream invertebrate drift catastrophic? The role of
hydraulics and sediment transport in initiating drift during flood events. Freshwater Biology, 52(12),
2369-2384.

Gosset, C., Rives, J., & Labonne, J. (2006). Effect of habitat fragmentation on spawning migration of brown
trout (Salmo trutta L.). Ecology of Freshwater Fish, 15(3), 247-254.



Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., Babu, S., Borrelli, P., Cheng, L.,
Crochetiere, H., Ehalt Macedo, H., Filgueiras, R., Goichot, M., Higgins, J., Hogan, Z., Lip, B., McClain, M.
E., Meng, J., Mulligan, M., ... Zarfl, C. (2019). Mapping the world’s free-flowing rivers. Nature,
569(7755), Article 7755. https://doi.org/10.1038/s41586-019-1111-9

Han, S., Slater, L., Wilby, R. L., & Faulkner, D. (2022). Contribution of urbanisation to non-stationary river flow
in the UK. Journal of Hydrology, 613, 128417.

Hannaford, J., & Buys, G. (2012). Trends in seasonal river flow regimes in the UK. Journal of Hydrology, 475,
158-174. https://doi.org/10.1016/j.jhydrol.2012.09.044

Hassaballah, K., Mohamed, Y., Uhlenbrook, S., & Biro, K. (2017). Analysis of streamflow response to land use
and land cover changes using satellite data and hydrological modelling: Case study of Dinder and
Rahad tributaries of the Blue Nile (Ethiopia—Sudan). Hydrology and Earth System Sciences, 21(10),
5217-5242. https://doi.org/10.5194/hess-21-5217-2017

Heggenes, J. A. N. (1996). Habitat selection by brown trout (Salmo trutta) and young Atlantic salmon (S. salar)
in streams: Static and dynamic hydraulic modelling. Regulated Rivers: Research & Management, 12(2-
3), 155-169.

Hembrel, B., Arnekleiv, J. V., & L’Abée-Lund, J. H. (2001). Effects of water discharge and temperature on the
seaward migration of anadromous browntrout, Salmo trutta, smolts. Ecology of Freshwater Fish,
10(1), 61-64.

Hendry, K., Cragg-Hine, D., O’grady, M., Sambrook, H., & Stephen, A. (2003). Management of habitat for
rehabilitation and enhancement of salmonid stocks. Fisheries Research, 62(2), 171-192.

Hiemstra, K. S., Van Vuren, S., Vinke, F. S. R., Jorissen, R. E., & Kok, M. (2022). Assessment of the functional
performance of lowland river systems subjected to climate change and large-scale morphological
trends. International Journal of River Basin Management, 20(1), 45-56.

Hirabayashi, Y., Alifu, H., Yamazaki, D., Imada, Y., Shiogama, H., & Kimura, Y. (2021). Anthropogenic climate
change has changed frequency of past flood during 2010-2013. Progress in Earth and Planetary
Science, 8(1), 36. https://doi.org/10.1186/s40645-021-00431-w

Hohensinner, S., Jungwirth, M., Muhar, S., & Schmutz, S. (2011). Spatio-temporal habitat dynamics in a
changing Danube River landscape 1812—2006. River Research and Applications, 27(8), 939-955.

Humpbhries, P., & Baldwin, D. S. (2003). Drought and aquatic ecosystems: An introduction. Freshwater Biology,
48(7), 1141-1146.

Intergovernmental Panel on Climate Change (IPCC) (Ed.). (2023). Water. In Climate Change 2022 — Impacts,
Adaptation and Vulnerability: Working Group Il Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 551-712). Cambridge University Press.
https://doi.org/10.1017/9781009325844.006

James, A. B., Dewson, Z. S., & Death, R. G. (2009). The influence of flow reduction on macroinvertebrate drift
density and distance in three New Zealand streams. Journal of the North American Benthological
Society, 28(1), 220-232.

Jensen, D. W., Steel, E. A., Fullerton, A. H., & Pess, G. R. (2009). Impact of Fine Sediment on Egg-To-Fry Survival
of Pacific Salmon: A Meta-Analysis of Published Studies. Reviews in Fisheries Science, 17(3), 348—359.
https://doi.org/10.1080/10641260902716954



Jonsson, B., & Jonsson, N. (2011). Ecology of Atlantic Salmon and Brown Trout: Habitat as a template for life
histories. Springer Netherlands. https://doi.org/10.1007/978-94-007-1189-1

Kayitesi, N. M., Guzha, A. C., & Mariethoz, G. (2022). Impacts of land use land cover change and climate change
on river hydro-morphology- a review of research studies in tropical regions. Journal of Hydrology, 615,
128702. https://doi.org/10.1016/j.jhydrol.2022.128702

Lake, P. S. (2003). Ecological effects of perturbation by drought in flowing waters. Freshwater Biology, 48(7).

Louhi, P., M&ki-Petdys, A., & Erkinaro, J. (2008). Spawning habitat of Atlantic salmon and brown trout: General
criteria and intragravel factors. River Research and Applications, 24(3), 330-339.

Lucas, M. C., Bubb, D. H., Jang, M.-H., Ha, K., & Masters, J. E. G. (2009). Availability of and access to critical
habitats in regulated rivers: Effects of low-head barriers on threatened lampreys. Freshwater Biology,
54(3), 621-634. https://doi.org/10.1111/j.1365-2427.2008.02136.x

Lundqvist, H., Rivinoja, P., Leonardsson, K., & McKinnell, S. (2008). Upstream passage problems for wild
Atlantic salmon (Salmo salar L.) in a regulated river and its effect on the population. Fish and
Diadromy in Europe (Ecology, Management, Conservation) Proceedings of the Symposium Held 29
March-1 April 2005, Bordeaux, France, 111-127.

Lytle, D. A., & Poff, N. L. (2004). Adaptation to natural flow regimes. Trends in Ecology & Evolution, 19(2), 94—
100.

MacCrimmon, H. R., & Gots, B. L. (1979). World Distribution of Atlantic Salmon, Salmo solar. Journal of the
Fisheries Research Board of Canada, 36(4), 422—457. https://doi.org/10.1139/f79-062

Malcolm, I. A., Gibbins, C. N., Soulsby, C., Tetzlaff, D., & Moir, H. J. (2012). The influence of hydrology and
hydraulics on salmonids between spawning and emergence: Implications for the management of
flows in regulated rivers. Fisheries Management and Ecology, 19(6), 464-474.

May, C. (2007). Sediment and Wood Routing in Steep Headwater Streams: An Overview of Geomorphic
Processes and their Topographic Signatures. Forest Science, 53(2), 119-130.
https://doi.org/10.1093/forestscience/53.2.119

Mclusky, D., & Wolanski, E. (2012). Treatise on estuarine and coastal science (Vol. 1). Academic Press.

McMullen, L. E., & Lytle, D. A. (2012). Quantifying invertebrate resistance to floods: A global-scale meta-
analysis. Ecological Applications, 22(8), 2164-2175.

Met Office. (2023, June 16). Sea surface temperatures breaking records. Official Blog of the Met Office News
Team. https://blog.metoffice.gov.uk/2023/06/16/sea-surface-temperatures-breaking-records/

Miller, S. W., Wooster, D., & Li, J. (2007). Resistance and resilience of macroinvertebrates to irrigation water
withdrawals. Freshwater Biology, 52(12), 2494-2510.

Moir, H. J., Gibbins, C. N., Soulsby, C., & Webb, J. H. (2006). Discharge and hydraulic interactions in contrasting
channel morphologies and their influence on site utilization by spawning Atlantic salmon (Salmo
salar). Canadian Journal of Fisheries and Aquatic Sciences, 63(11), 2567-2585.

Naha, S., Rico-Ramirez, M. A., & Rosolem, R. (2021). Quantifying the impacts of land cover change on
hydrological responses in the Mahanadi river basin in India. Hydrology and Earth System Sciences,
25(12), 6339-6357. https://doi.org/10.5194/hess-25-6339-2021



Nislow, K. H., & Armstrong, J. D. (2012). Towards a life-history-based management framework for the effects
of flow on juvenile salmonids in streams and rivers. Fisheries Management and Ecology, 19(6), 451—
463.

Office for National Statistics. (2020). National population projections—Office for National Statistics.
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationprojec
tions/bulletins/nationalpopulationprojections/2020basedinterim

Olang, L. O., Kundu, P., Bauer, T., & Frst, J. (2011). Analysis of spatio-temporal land cover changes for
hydrological impact assessment within the Nyando River Basin of Kenya. Environmental Monitoring
and Assessment, 179(1), 389-401. https://doi.org/10.1007/s10661-010-1743-6

Paez, D. J., Hedger, R., Bernatchez, L., & Dodson, J. J. (2008). The morphological plastic response to water
current velocity varies with age and sexual state in juvenile Atlantic salmon, Salmo salar. Freshwater
Biology, 53(8), 1544-1554.

Pakkasmaa, S., & Piironen, J. (2000). Water velocity shapes juvenile salmonids. Evolutionary Ecology, 14, 721—
730.

Parrish, D. L., Behnke, R. J., Gephard, S. R., McCormick, S. D., & Reeves, G. H. (1998). Why aren’t there more
Atlantic salmon (Salmo salar)? Canadian Journal of Fisheries and Aquatic Sciences, 55(S1), 281-287.
https://doi.org/10.1139/d98-012

Parry, S., Mackay, J. D., Chitson, T., Hannaford, J., Magee, E., Tanguy, M., Bell, V. A., Facer-Childs, K., Kay, A.,
Lane, R., Moore, R. J., Turner, S., & Wallbank, J. (2024). Divergent future drought projections in UK
river flows and groundwater levels. Hydrology and Earth System Sciences, 28(3), 417-440.
https://doi.org/10.5194/hess-28-417-2024

Petts, G. E. (1984). Impounded rivers: Perspectives for ecological management. Wiley.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D., Sparks, R. E., & Stromberg, J. C.
(1997). The natural flow regime. BioScience, 47(11), 769-784.

Power, M. E., Sun, A., Parker, G., Dietrich, W. E., & Wootton, J. T. (1995). Hydraulic food-chain models.
BioScience, 45(3), 159-167.

Quick, I., Kénig, F., Baulig, Y., Schriever, S., & Vollmer, S. (2020). Evaluation of depth erosion as a major issue
along regulated rivers using the classification tool Valmorph for the case study of the Lower Rhine.
International Journal of River Basin Management, 18(2), 191-206.

Ripple, W. J., & Beschta, R. L. (2004). Wolves, elk, willows, and trophic cascades in the upper Gallatin Range of
Southwestern Montana, USA. Forest Ecology and Management, 200(1-3), 161-181.

Ripple, W. J., & Beschta, R. L. (2012). Trophic cascades in Yellowstone: The first 15 years after wolf
reintroduction. Biological Conservation, 145(1), 205-213.

Rivinoja, P. (2005). Migration problems of Atlantic salmon (Salmo salar L.) in flow regulated rivers. Swedish
University of Agricultural Sciences.

Robinson, C. T., & Uehlinger, U. (2008). Experimental floods cause ecosystem regime shift in a regulated river.
Ecological Applications, 18(2), 511-526.

Seminara, G. (2006). Meanders. Journal of Fluid Mechanics, 554, 271-297.



SEPA. (2024). Abstractions. Scottish Environment Protection Agency.
https://www.sepa.org.uk/regulations/water/abstractions/

Shuttleworth, W. J., & Wallace, J. S. (1985). Evaporation from sparse crops-an energy combination theory.
Quarterly Journal of the Royal Meteorological Society, 111(469), 839-855.
https://doi.org/10.1002/qj.49711146910

Smith, G. W., Smith, I. P., & Armstrong, S. M. (1994). The relationship between river flow and entry to the
Aberdeenshire Dee by returning adult Atlantic salmon. Journal of Fish Biology, 45(6), 953—960.

Statzner, B., Gore, J. A., & Resh, V. H. (1988). Hydraulic stream ecology: Observed patterns and potential
applications. Journal of the North American Benthological Society, 7(4), 307-360.

Stewart, L. (1973). Environmental engineering and monitoring in relation to salmon management. Internat.
Atlantic Salmon Found. Spec. Publ. Ser, 4, 297-316.

Sulamo, M. A,, Kassa, A. K., & Roba, N. T. (2021). Evaluation of the impacts of land use/cover changes on water
balance of Bilate watershed, Rift valley basin, Ethiopia. Water Practice and Technology, 16(4), 1108—
1127. https://doi.org/10.2166/wpt.2021.063

Suren, A. M., & Jowett, |. G. (2006). Effects of floods versus low flows on invertebrates in a New Zealand
gravel-bed river. Freshwater Biology, 51(12), 2207-2227.

Szeicz, G., Endrddi, G., & Tajchman, S. (1969). Aerodynamic and surface factors in evaporation. Water
Resources Research, 5(2), 380—-394.

Thompson, J. R., Gosling, S. N., Zaherpour, J., & Laizé, C. L. R. (2021). Increasing Risk of Ecological Change to
Major Rivers of the World With Global Warming. Earth’s Future, 9(11), e2021EF002048.
https://doi.org/10.1029/2021EF002048

Thorstad, E. B,, Fiske, P., Aarestrup, K., Hvidsten, N. A., Hirsaker, K., Heggberget, T. G., & @kland, F. (2005).
Upstream migration of Atlantic salmon in three regulated rivers. Aquatic Telemetry: Advances and
Applications. Proceedings of the Fifth Conference on Fish Telemetry. Food and Agriculture
Organization of the United Nations and Coispa Tecnologia and Ricerca, Rome, 111-121.

UK Gov. (2022). State of the water environment indicator B3: Supporting evidence. GOV.UK.
https://www.gov.uk/government/publications/state-of-the-water-environment-indicator-b3-
supporting-evidence/state-of-the-water-environment-indicator-b3-supporting-evidence

van Dijk, W. M., Teske, R., van de Lageweg, W. I., & Kleinhans, M. G. (2013). Effects of vegetation distribution
on experimental river channel dynamics. Water Resources Research, 49(11), 7558-7574.
https://doi.org/10.1002/2013WR013574

Walling, D. E., Russell, M. A., & Webb, B. W. (2001). Controls on the nutrient content of suspended sediment
transported by British rivers. Science of The Total Environment, 266(1), 113-123.
https://doi.org/10.1016/S0048-9697(00)00746-4

Walters, A. W. (2011). Resistance of aquatic insects to a low-flow disturbance: Exploring a trait-based
approach. Journal of the North American Benthological Society, 30(2), 346—356.

Wang, H., Liu, J., Klaar, M., Chen, A., Gudmundsson, L., & Holden, J. (2024). Anthropogenic climate change has
influenced global river flow seasonality. Science, 383(6686), 1009—-1014.
https://doi.org/10.1126/science.adi9501



Ward, J. V., & Stanford, J. A. (1995). Ecological connectivity in alluvial river ecosystems and its disruption by
flow regulation. Regulated Rivers: Research & Management, 11(1), 105-119.

Waterwise. (2020). Save Water — Waterwise. https://www.waterwise.org.uk/save-water/

Wildlife Trust. (2024). Chalk rivers | The Wildlife Trusts. Habitats: Freshwater: Chalk Rivers.
https://www.wildlifetrusts.org/habitats/freshwater/chalk-rivers

Willett, S. D., McCoy, S. W., Perron, J. T., Goren, L., & Chen, C.-Y. (2014). Dynamic reorganization of river
basins. Science, 343(6175), 1248765.

Wright, L. D. (1977). Sediment transport and deposition at river mouths: A synthesis. Geological Society of
America Bulletin, 88(6), 857-868.

WWEF. (2009). UK case study: The impact of over-abstraction on the River Kennet. World Wildlife Fund.
http://assets.wwf.org.uk/downloads/case_study_kennet_final.pdf

Ylla Arbés, C., Blom, A., Viparelli, E., Reneerkens, M., Frings, R. M., & Schielen, R. M. J. (2021). River Response
to Anthropogenic Modification: Channel Steepening and Gravel Front Fading in an Incising River.
Geophysical Research Letters, 48(4), e2020GL091338. https://doi.org/10.1029/2020GL091338

Yu, Z., Wang, Q., Xu, Y., Lu, M., Lin, Z., & Gao, B. (2022). Dynamic impacts of changes in river structure and
connectivity on water quality under urbanization in the Yangtze River Delta plain. Ecological
Indicators, 135, 108582. https://doi.org/10.1016/j.ecolind.2022.108582

Zimmermann, A. E., & Lapointe, M. (2005). Intergranular flow velocity through salmonid redds: Sensitivity to
fines infiltration from low intensity sediment transport events. River Research and Applications, 21(8),
865-881.

Last updated March 2025



