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ABSTRACT

Many rivers have undergone flow modification by impoundments to provide services such as
water supply and hydropower. There is an established consensus that typical modified flow
regimes do not sufficiently cater to the needs of downstream ecosystems, due to species
having adapted to natural flow conditions. This may lead to changes in the biodiversity and
functional composition of ecosystems, potentially compromising water quality and other river
system services. More must be done to understand the relationship between flow and in-
stream ecology, in order to mitigate the impacts of flow modification. The development of
efficient methods of ecology-flow assessment is vital in order to meet current and future
legislation, whilst considering other stakeholders and maintaining the resilience of the local
water supply. This thesis combines statistical approaches applied to public datasets, and
combined ecological-hydraulic modelling at a case study site, to propose environmental flow
regimes. Univariate and multivariate analyses were performed on flow and
macroinvertebrate sampling data from sites across northern England. The mean annual
frequency of high flow events was identified as a particularly influential driver of functional
composition and biodiversity metrics. Field data was gathered and a hydraulic-ecological
model was also developed for a selected case study site in order to predict the responses of
selected indicator species to flow. Spatial and temporal distributions of habitat quality with
respect to flow were generated, allowing the impacts of various flow inputs to be assessed.
These findings were integrated in order to generate recommended flow regimes for the case
study site. It was demonstrated that the proposed regimes met or improved upon ecological
metrics relative to impoundment outflow data, whilst alsoconserving significantquantities of
water. Outcomes from this research demonstrate the potential of habitat suitability models,
supplemented by knowledge of ecological-flow relationships, to inform environmental flow
design decisions.
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1. INTRODUCTION

1.1 Research context

Itis generally recognised that we must manage our waterbodiesin a sustainable mannersothatthe
ecosystem services of the system are not compromised. Ecosystem services is a term that has been
used forsome time but was popularisedby the Millennium Ecosystem Assessmentin the early 2000s,
which introduces it in simple terms: “Ecosystem services are the benefits people obtain from
ecosystems” (Reid et al., 2005). Ecosystem services are then broken down into the categories of
provisioning services that provide us with resources such as timber or water; regulating services that
affect local conditions such as water quality; cultural services that promote human wellbeing by, for
example, facilitating leisure activities and creating beautiful surroundings; and supporting services
such as nutrient cyclingand soil formation (Reid etal., 2005). Throughout this thesis, when refeming
to the ‘services’ of a water body, thisis in the context of ecosystem services. These services have
increasingly been acknowledged, as scientists have documented ecosystem degradation and the
compromising of key functions such as those described above. Many of these services are vital to
human wellbeing, and thus their sustainability has increasingly been considered to be a priority
(Costanza et al., 1998).

While ecosystem services are the benefits people get from ecosystems, the production of those
benefitsis supported by a multitude of ecological functions and processes; to maintain such services,
a range of ecological elements and functions must be maintained. Maintenance of ecological functions
is compromised through many forms of anthropogenic modification of the environment; sometimes
even modifications to enhance one service can directly or indirectly impact others. One of the key
modifications people make to water courses is flow modification —often in the interests of gaining
some particular services. Such modification has potential consequences for ecological function, and
therefore potentially for ecosystem services. Thus, forming a better understanding of the effects of
flow modification, and how to manage it to reduce impact on ecological function, is a key step in
maintaining the functions that support the services that have been described.

Flow modification and impoundment of river systems to meet water resource needs has become
widespreadthroughout the worldin responseto increasing water demand. A majority of water bodies
have beenimpounded by reservoirs for services such as water provision and hydropower, the United
Kingdom having the highest density of impoundmentsin Western Europe (Lehner et al., 2011). Only
inthe past few decades have the environmentalimpacts of riverimpoundment and flow modification
beenseriously considered, and only more recently has the understanding of such impacts developed
to a point where frameworks and methodologies may be putin place in order to begin quantifying
and taking steps towards mitigating these impacts.

Appreciation for the value of ecosystems has resulted in an increasing focus upon improving the
ecological condition of water bodies. This has revealed, however, that our current water management
strategies have been found wanting. Through legislation such as the Water Framework Directive
(WFD) (European Commission, 2000), alongside an increasingly stressed water supply infrastructure
(BBC, 2019), it is beginning to be recognised that current flow regimes imposed by impoundments
may both be detrimental to ecological health (Poff et al., 1997), and may be releasing unnecessary
volumes of water in some contexts (thus spending water resources sub-optimally). Failure to meet



ecological targets, mandatedin this context by the WFD, is likely under current flowregimes and may
lead to penalties for water managers if measures are not taken to address this issue. Additionally,
these traditional flow regimes could contribute towards water shortages, particularly during periods
of drought, whilstbeing of novalue to the downstream ecosystem. Itisthus important to take steps
towards better understanding the relationship between flow regime and ecological response. Such
understanding would allow water managers to prescribe reservoir flow releases that promote
downstream ecological condition, complying with WFD objectives, whilst doing so in an effident
manner that does not compromise the societal service provided by the reservoir (water supply,
primarily). Due to conflicting stakeholderinterests presentin most riverine systems (Summers etal,,
2015), optimising the way in which ecological needs are met is vital; environmental benefit must be
maximised relative to volume of water spent by allocating water at magnitudes, timings and
variabilities most suited to promote high ecological benefit relative to water expenditure.

The innate complexity of rivers as open systems brings high levels of uncertainty to the study of
ecology-flow interaction (Konrad et al., 2011). Such uncertainty makes general ecology-flow
relationships difficult to identify and thus manage for; rivers present highly diverse systems and there
is no certainty that two different rivers will respond in the same way to management efforts,
particularly when considering systems across a broad range of magnitudes (Monk et al., 2006) . There
is a needto formulate an approach towards the identification of ecologically beneficial flow regimes
that moves beyond highly laborious site-specific prescription, whilst also avoiding over-generalised
approaches that have a poor scientific basis, such as regimes that simply prescribe a constant
minimum flow (such as those criticised by Arthington et al., 2006). The term used to describe flow
provision for environmental purposesis “environmental flows”. The term is defined by the Brisbane
Declaration, 2007: “Environmental flows describe the quantity, timing, and quality of water flows
required to sustain freshwater and estuarine ecosystems and the human livelihoods and well-being
that depend on these ecosystems.” (Overton et al., 2014). It is thus the task of water managers,
ecologists and other disciplines involved inthe field of ecohydraulics to meet the challenges previously
described, inorderto advance general knowledge and work towards common frameworks by which
riverine systems may be assessed and have suitable environmental flows designated in a feasible
manner, considering time and resource constraints.

The overarchingaim of thisinvestigationistofurtherunderstandinginthe interactions between flow
regime and ecological condition through investigation of the relationship between flows and
ecological response; particularly focusing upon how flow regime impacts physical habitat quality
through local flow conditions. In this investigation, benthic macroinvertebrates are utilised as
indicators of ecosystem response. Thisis dueto the fact that macroinvertebratesare anidealindicator
due to theirabundance in most systems, the factthat they are well relatively understood in terms of
their behavioural and morphological adaptations, and are widely used as indicators of ecological
health (Barbosa et al., 2001). Additionally, macroinvertebrates are often neglected area in
environmental flow research (Gillespie et al. 2015b).

1.2 Problem statement

Thereisa needtounderstand the impact of modified flows upon the native ecosystem and how flow
regime might be altered, in orderto mitigate these impacts so as to meet environmental objectives,
maintain ecosystem services, and potentially conserve more water. Competing water resource



demands require innovative water management frameworks to meet the requirements of both
society and the environment; traditional allocation has been based on volumetricrequirements, but
progress in the field of environmental flows has revealed that the ecosystem is dependent on other
factors such as timing and variation of flow (Overton etal., 2014). There must therefore be a greater
understandinginhow ecosystem demands can be met at sitessubject to flow modification, whilstalso
acknowledging societal demands for water supply provided by impounded water bodies. Thus,
environmental flow needs must be identified and met efficiently, without compromising services
provided at these sites. More specifically in a European context, there is also a need to define how
“Ecological potential” defined under WFD targets may be quantified with regard to changes in
parameters such as localised flow conditions and local physical habitat quality; this also applies to
demands of environmental legislation internationally.

1.3 Research questions
1. What specific drivers are eliciting an ecological response?

Rivers are complex open systems in which components cannot easily be controlled or isolated;
relationships between individual variables are difficult to quantify. This investigation aims to adapt
and bring together recent developmentsin the field of environmental flows in order to identify key
flow characteristics driving ecological response. The aim of this workis to inform future development
of compensation flows to optimise ecological provision, particularly indeveloping a less data-intensive
framework to assess a site's flow requirements. This would in turn aid water managers in meeting
environmental objectives, and assistin maintaining the ecosystem services of the target water body.

2. How can localised hydraulic requirements of taxa be translated into an ecologically benefidal
flow regime?

Taxa experienceflow as localisedforces as opposed to overall flow magnitudes, timings, etc. How can
the requirements of these entities on a micro scale translate into an overall compensation flow and
its inter-annual variation? This again feeds into the aim of developing a framework capable of
integrating a diverse range of environmental and societal requirements, informing how water
managers may move from general principles to more optimised holistic, adaptive management
strategies.

3. What indicators can be used to interpret habitat quality, given its variation over time and
different values between species?

The requirements of multiple species will be considered when designing an overall flow regime,
generatingarange of habitat quality metrics; how canthese individual predictions be aggregatedinto
an overall assessment of habitat quality? Solutionsto this questionwillaid in flow regime designation
and thus transferable mitigation measures, potentially countering ecosystem service degradation, and
allowing water resources to be used efficiently within better-informed flow regimes.

4. How may outcomes such as habitat quality predictions be interpreted in light of legislative
targets?

Approaches taken in this investigation will provide insights into how the ecology will respond to
different flows. However, this does not immediately translate into how a site’s flow regime may be
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improved forthe benefit of the native ecosystem. Itisimportant to consider how the findings can be
related to the demands of the Water Framework Directive, in order to provide guidance for water
managers.

1.4 Anticipated outputs

The primary output of this thesisis the overall approach towardsenvironmental flow designationthat
integrates more general ecology-flowtrends withthe predicted responses of indicator speciesto flow
at a case study site, in order to design more holistic environmental flow regimes. Knowledge of
environmental requirements will be generated through predictive hydraulicand ecological modelling,
calibrated using field-basedinvestigation, and complimented by a multi-site statistical analysis of flow
drivers on macroinvertebrate populations across rivers of similar classifications. These approaches are
detailed in later Chapters, and are described more briefly shortly in this Chapter. Findings of this
investigation may see practical application with United Utilities (UU), the industrial sponsor for this
project, asrecommended flowregimes will be proposed forthe case study site. The approach used in
this thesis should promote further investigation into the methods used, and should it be fully
validated, the approach may see application in future environmental flow regime designation.

Chapter 2: LITERATURE REVIEW

Chapter 2 investigates the history and current context of environmental flows, with a particular focus
upon the context of flow impoundment impacts upon macroinvertebrates in UK river systems. This
Chapterformsthe foundations forthe scientificbasis and methodology of the rest of the investigation.
The literature review provides insights into keyareas of recent development, neglected areas of study,
and current trends and best practices for environmental flow development.

Chapter 3: UNDERSTANDING AND QUANTIFYING THE IMPACTS OF FLOW MODIFICATION IN
NORTHERN ENGLAND THROUGH MULTISITE ANALYSIS

Chapter 3 analyses multiple impounded systems in a desk-based multi-site study, drawing
relationships betweenspecificflow characteristics and ecological metrics. Conclusions from thisstudy
affirm or reject the question of whether or not flow modification causes significant ecological
deviationin comparisonwith natural systems, thushighlighting the importance of greater flow regime
naturalisation. Conclusions may also identify key flow drivers that may be focused upon in the
environmental flow design framework described in Chapters 4 and 5.

Chapter 4: DEVELOPING A HYDRO-ECOLOGICALLY LINKED MODEL TO EVALUATE AND ADDRESS
MACROINVERTEBRATE RESPONSE TO FLOW MODIFICATION AT A CASE STUDY SITE

Chapter 4 describes the justification and process of developing a 2D model by which habitat quality
might be predicted at a case study site in response to channel hydraulic conditions. This Chapter
affirms the scientificbasis behind this approach, both by making reference tothe current state of the
field, suggestions from past studies, and the use of 2D modelling in other restorative contexts. This
Chapter primarily demonstrates the accuracy of the model by describing the calibration process of
both hydraulic and ecological models, their testing, and their subsequent application, feedinginto
Chapter 5 both by providing a basis from which various flow regimes can be assessed in terms of



ecological response (through changesin predicted habitat quality) and by providing evi dence for the
reliability of said responses.

Chapter 5: ADDRESSING IMPOUNDMENT-RELATED FLOW MODIFICATION AT A CASE STUDY SITE
BASED ON HYDRO-ECOLOGICAL MODEL OUTPUTS AND ECOLOGICAL PRINCIPLES

Chapter 5 utilises the 2D model developed in Chapter 4 to assess the impact of a range of flow
magnitudes and flow regimes upon habitat quality for a variety of macroinvertebrate indicator
species. Temporal ecologically-relevant drivers such as flow event duration and frequency discussed
in Chapter 3 are also considered. All analyses performed throughout the investigation, along with
considerations of impoundment and water resource limitations, are integrated into proposed flow
regimes with varying prioritisations between ecological provision and stakeholderinterests. Proposed
regimes are compared with historical reservoir outflows, and the implications of the new ‘designer
flows’ are discussed.

Chapter 6: GENERAL DISCUSSION

Chapter6discusses the findingsof previous Chapters, theimplications of the overall work of this thesis
bothinterms of environmental provisionand societal services,and possible future work going forward
from this proposed methodology. Of particular interest is transferability of approaches used in this
thesisto otherriversystems, and how the methodology might be adapted and scaled up when applied
to more complex, larger systems. Thesis implications in light of legislation such as the Water
Framework Directive are also forms a significant part of this Chapter.

Chapter 7: RESEARCH SYNOPSIS

Chapter 7 summarises the entire thesis, demonstrating research highlights and novelty, briefly
discussing key outcomes and implications, and discussing extent to which the initial goals or research
guestions posed have been met.



2. LITERATURE REVIEW

Chapter overview

This Chapter investigates the history and current context of environmental flows (defined in Section
1.1), with a particularfocus upon the context of flow impoundmentimpactsupon macroinvertebrates
in UK river systems. The work described here forms the foundations for the scientific basis and
methodology of the rest of the investigation. The core concepts relating to flow modification and
restoration are discussed, an overview of the relevant legislation in a European context is also
described along with how this drives academicand industrial action in the field. Lastly, the challenges
faced when movingto the conceptual to the implementation stages of site restoration are discussed,
and current gaps in research are identified.

2.1 Contemporary research context

The implications of flow modification are manifold, yet understanding of how flow may drive the
ecological health of ariver system has only relatively recently became atopicof widerinterest. Flow,
particularly in terms of magnitude, has been described as the “Master Variable” within the river
system due to its direct influence upon river morphology, river habitat, sediment and nutrient
transport, and physical forcing upon biota (Power et al., 1995). The brief review of literature that
follows provides the background to concepts used in this project, and summarises current scientific
understanding of this area.

Traditionally, reservoirimpoundments have released a constant flow in order to sustain downstream
river systems. Water managers have generally used a continuous prescribed compensation flow, for
example Q95; a discharge value that is equalled or exceeded through 95% of the flow record. These
approaches generally originate from historical commitments to downstream interests such as mills
(many of which no longer exist), or from unfeasible demands placed upon ecologists and water
managers to rapidly establish precise environmental requirements (Arthington et al., 2006). Such
flows have no scientific basis with regard to ecological health, and do not consider a site’s specific
requirements and character. Current scientific knowledge suggests that such flows are very likely to
result in ecological degradation due to the behavioural and morphological adaptations of species to
natural flows, and the physiochemical regulatory role of variable flows withinthe riverine system (Poff
etal., 1997, Bunnand Arthington, 2002, Alcazar and Palau, 2010), discussed in further detailin Section
2.2

One of the most pertinent questions currently is howto bridge the gap between these unreliable “rule
of thumb” principles and adaptive site management strategies which, whilst conceptually sound, are
intensive, laborious and highlysite-specific. It has previouslybeen proposed that giving sites of similar
characteristics a particular classification, and developing general trends within these classes, may
serve as a middle-ground between over-generalised “rules of thumb” and very laborious site -specific
investigation (Arthington et al.,2006). Such an approach could allow water managers to begin to work
towards meeting legislatory targets in an economically feasible manner without the need to
thoroughly assess every impacted site.



2.2 Fundamental concepts

2.2.1 Biological morphological and behavioural adaptation

It has been acknowledged that biota and the natural morphologyof the river channel rely upon ariver
system's natural variation in order to be maintained;the flow variation introduced by predictable
seasonal precipitationlevels, or snow melt, are examples of this (Junk etal., 1989, Junk and Wantzen,
2004b). It has beenstated thatthere isanintrinsiclinkbetween the natural flowregime and in-stream
ecology; biota have developed life-history, behavioural and morphological adaptations in order to
succeed within natural conditions that species have existed in for thousands, if not millions, of years
(Poff et al., 1997, Lytle and Poff, 2004). When natural variation is removed, the behavioural and
morphological adaptations of biotathat previously aided in survival mayinfact become a hindrance
(Lytle and Poff, 2004). An example of behavioural adaptation is the timing at which eggs are laid or
when eggs hatch, such events as hatchingand recruitmentand called life history events by ecologists
and are generally adapted to coincide with seasonal patterns of flow in order to provide the most
preferential conditions for early life stages of a species (Lytle and Poff, 2004).

Population numbers can also vary greatly season by season due to life histories leading to different
life stages or behavioural patterns, with prolific numbers at certain times of year, and little to no
presence in the river during other times (Beltran Epele et al., 2011, Raddum and Fjellheim, 1993).
When the flow regime is altered, these seasonal patterns may be lost (Poff et al., 1997), leading to
greater juvenile mortality due to hatching during non-ideal flow conditions (Lytle and Poff, 2004). In
the context of environmental flows, it is thus important to assess the seasonality of target species
within a riversystem prior to making flow allocations, so that flows will be relevant for biota present
at the time of release. Temperature also has a majorinfluence over specieslife history and seasonality,
and isdiscussedinaSection 2.2.4. Another simple example of morphological adaptation is vegetation
that develops brittle branches that will be broken in flood conditions, aiding downstream seed
proliferation;inthe absence of floods this morphology is of no advantage and simply resultsinaloss
of biomass for the plant (Lytle and Poff, 2004). When their adaptations become non-advantageous,
specialised native biota may be pushed out by more competitive generalist species, be they native or
invasive (Lytle and Poff, 2004).

2.2.2 Influence upon sediment transport and associated impacts

Modified flows can prove disruptive to the natural supply and transport of sediments within a
catchment network (Petts and Gurnell, 2005). Generally, it is expected that erosion beneath an
impoundment will be enhanced due to a lack of sediment supply, and sediment deposition may be
enhanced further downstream due to a lack of high flows that can flush out the system. Flow is the
primary driver of the sedimentregime and thus movingtowardsa more heterogeneous flow regime
with incorporated disruption events would be expected to in turn bring greater naturalisation to
sedimenttransportandimprove ecological conditions through flushing and deposition events. Wood
and Armitage (1997) reporton the deleterious effects of fine sediment upon biota. Natural flows have
significant variability; from the extremes of flooding to low flows and drought. In turn this bringsabout
high variability in suspended solids concentration and sediment deposition, with a ge neral pattem of
erosion upstream and deposition downstream throughlongitudinal connectivity. This process may be
disrupted when connectivity is broken and the flow regimeis altered, for example by the presence of



areservoir. Inthe event of a loss of connectivity, sediments from upstream are likely to be deposited
behind the reservoir withinthe calm waters, whilstthe reservoirreleases clear, “hungry” water that
has a high capacity for erosion due to its low sediment load and high excess energy (Kondolf, 1997).
Thus where a reservoir has been installed, one may expect to see enhanced deposition behind a
reservoir (and a gradual lowering of the reservoir’s capacity), whilst erosion below a reservoir is
enhanced leading to channel incision. Downstream of this enhanced erosion, deposition may be
enhanced once more as the lack of high flows leads to deposited sediment from upstream and from
tributaries not being re-mobilised by natural high flows. This may lead to problems associated with
fine sediment (Kondolf, 1997).

Wood and Armitage (1997) identify the principal impacts of excess sediment deposition as loss in
primary productivity, and faunal diversity and abundance. Most benthic macroinvertebrates have
developed a resistance to short-term increases in suspended and benthic sediments. However,
ongoing sediment regime modification may lead to severe consequences for benthic faunal
communities. Suitability of the substrate for particulartaxa may be altered by the penetration of fine
sediments (Richards and Bacon, 1994); drift may alsoincrease due to changesto the riversubstrate’s
characteristics and reduced habitat availability (Culp et al., 1986) as well as scouring due to suspended
solids (Bilottaand Brazier, 2008); respiration may be affected by the presence due to silt deposition,
affectingrespiratorstructures and lowering oxygen concentrations due to oxygen being lost from the
organic component (Bilotta and Brazier, 2008); finally, feeding activities may be adversely affected,
eitherthroughimpededfilterfeedingorin reductions to the value or density or prey items (Wood and
Armitage, 1997, Graham, 1990). In Wood and Armitage’s study (1997), reviewing the findings of other
research, itis suggested thatthe sedimentissues most associated with compensation flows (and thus
of mostinteresttothis project) are siltdeposition, siltation, and the infiltration of fines into the river
substrate, as well as the general problem of sediment starvation that brings about issues such as
enhanced erosion below the reservoir, coarsening of bed material, and the loss of spawning areas
(Kondolf,1997). Sediment starvation isa separate issue to flow as this relatesto the reservoir structure
obstructing river connectivity, and would need to be dealt with through sediment management
strategies. The issue of fine sediment, however, could be somewhat mitigated through the
incorporation of high flow disruption events into an environmental flow regime.

2.2.3 Hydraulic parameters

Flow cannot be characterised by a single general parametersuch as magnitude when considering its
effectsonindividuals; wateris adynamicfluidwith propertiesthat vary spatially and temporally when
flowing down a river channel. Physical entities within the river system such as the bed, the channel
and biota do not experience a "magnitude" of flow upon themselves but rather experience the
changing velocities, depths and turbulence that come with varying volumes of flow. Therefore, it is
important to understand which components of flow have most influence upon biotic response. In
previous studies, ecologicallyrelevant hydrological flow variables have been identified using literature
groundedin conceptssuch as Indicators of Hydrologic Alteration (IHAs) (Monk et al., 2006, Richter et
al., 1996). IHAs break flow data down into various components such as frequencies and durations of
flow events, and indicators of flow magnitude over time. In order to avoid redundancy amongst
variables, Principal Component Analysis (PCA) or correlation analysis may be ran in order to discount
variables with overlapping explanatory power (Monk et al., 2006, Gillespie et al., 2015a,
Chinnayakanahalli et al., 2011).



It has been suggested that macroinvertebrates are not primarily affected by magnitudes of flow
forces, but rather by the turbulence of flow and local variation of turbulence about their habitat
(Blanckaert et al., 2013). Unlike sediment particles that are much denser than water, which are only
dislodged when forces exceed a given threshold, macroinvertebrates have a negligible submerged
weight; they do not resist flow through mass alone. Macroinvertebrates instead resist dislodgement
through a variety of morphological and behavioural traits that allow them to withstand or avoid flow
forces; for example seeking out heterogeneous areas of riverbed that provide areas of shelter from
the force of the flow (Blanckaert et al., 2013). Blanckaert et al. (2013) suggest that habitat models
intending to reflect physical-biological coupling should focus upon two areas; (i) local substrate
heterogeneity and its ability to “hide” invertebrates; (ii) peaks in flow forcing and the temporal
variability of flowrelating to the dominant turbulent structures. Other studies relating benthic ecology
with flow suggest that longer-term bed shear stress is the primary driver of ecological response,
particularly with regardto how theseforces act as a control upon benthic habitat (Statzner and Muller,
1989, Schwendel et al., 2010). A case study has examined the impact of shear stress and other
hydraulic parameters upon invertebrate distribution; shear stress was found to be one of the
dominant parameters relating to taxon richness without accounting for the temporal variation
described by Blanckaert et al. (2013) (Merigoux and Doledec, 2004). This investigation is more
concerned with the general long-term relationships between ecologyand flow, and thus the near-bed
forces described by Statzner and Muller (1989) and Merigoux and Doledec (2004), amongst others,
will be of primary concern here. The insights from Blanckaert et al. (2013) highlight, however, that
invertebrates are sensitive to particular aspects of flow, and such features should be taken into
account by water managers.

Monk et al. (2006) observes that flow magnitude is a dominant driver of ecological response when
considering river systems across a broad range of scales. This is likely due to the fact that the
magnitude of flow relates closely to flow velocity. Flow (m3/sec) is calculated by velocity (m/sec)
multiplied by area (m?); changes to magnitude therefore correspond with changes to the flow velodity,
whichin turn correspondsto changesin bed shear stressesthat benthictaxaexperience. In addition
to the flow magnitude’s influence on channel hydraulics, it also exerts indirect influences upon biota;
areductioninflow can lead to increased species vulnerability to pollution due to lessened dilution of
contaminants (Withers et al., 2011), and less flow may also lead to a smaller wetted area and depth
withinthe channel, reducing connectivity and impacting species mobility (Lin etal., 2018, Shaw et al.,
2016). Using the Richter et al.’s (1996) Indicators of Hydrologic Alteration (IHA) concept, there are a
number of other regime characteristics that may be measured through specific statistical analysis of
flow time series. Characteristics include magnitude of monthly conditions, magnitude and duration of
annual extremes, timing of extremes, frequency and duration of high and low flow pulses, rate and
frequency of water condition changes (Richter et al., 1996). Natural characteristics such as high and
low flows are anintegral part of ecologically beneficial regimes (Acreman et al., 2014). As can be seen
from these variables, there is far more to be discerned from a flow time series than outright
magnitude.

2.2.4 Temperature

The thermal regime of a riveris defined by the distribution of temperature magnitudes within the
system overtime; thefrequency withwhich particular temperaturesoccur, the time of day/year when
certain temperatures occur, and the duration for which a stream is above or below a certain



temperature. Similarto a river’s flow regime (Poff etal., 1997), thermal regime can be “splitintothe
components of magnitude, frequency, duration, timing and rate of change” (Olden and Naiman,
2010). Much like the flow regime, biota have adapted to the natural diurnal and seasonal variation of
the thermal regime in natural systems; forexample the timing of development cycles to coincide with
favourable seasonal temperatures (Olsson, 1982). Seasonal fluctuationsin temperature are a major
ecological driver, leading to flourishing ecological systems in warmer seasons, and a more dormant
state in some systems during the cold of winter (Olsson, 1982). Flow modification may compromise
this natural variation, impacting the ecological integrity of the lotic system (Olden and Naiman, 2010).
Water temperatures have adirectimpact uponthe growth rates of river biotaand have an influence
in shaping species distributions. It has been mentioned that local populations have behavioural
adaptations intended to synchronise life history events with particular trends in the thermal regime
(Vannote and Sweeney, 1980); specific examples of this include thermal cues stimulating fish
migration, spawning and hatching, whilst also directly influencing the survival and development time
of eggs. Of primary interest to this study, changes to the thermal regime also have significantimpact
upon invertebrate communities. Key developmental cues can be eliminated by shifts in this regime,
and the rate of egg development and juvenile growth can be hindered (Olden and Naiman, 2010).

Olden and Naiman (2010) discuss specifically the effect of river impoundment upon the riverine
thermal regime. Of course, the extent of impact upon the thermal regime is largely dependent upon
the operation and mechanism of water release by an impoundment. The volume of water being
releasedintothe system, the rate and frequency of release, the depth at which wateris beingdrawn
from and the size and depth of the reservoir all influence the downstream thermal regime.
Stratification and depth of draw-off are of particular importance in determining the magnitude of
influencethese flow releases have. When reservoirs are of sufficient depth for stratification to occur,
draw-off from belowthe thermocline can lead to releases of water significantly cooler than that within
the natural stream system (Poole and Berman, 2001). Indirect influence is also exerted upon stream
temperatures by changestothe flowregime; for example, alterations to discharge and stream volume
change the rate at which waterheatsand cools through diurnal heat exchange (Petts, 1986). Though
thermal impacts of impoundment-related compensation flows are well recognised, such impacts are
examined much less often than outright hydrological impacts (Olden and Naiman, 2010). This may be
partly due to the significant variance in thermal effects between sites, which can vary based on the
position of the impoundment, mode of reservoir operation, release depth, and additionally
environmental and geomorphological characteristics of the area (Olden and Naiman, 2010).

2.3 Recent approaches to flow regime design

In recentdecades anumberof important concepts concerning river structure and function have been
advanced, in particular the Natural Flow Regime Paradigm (Poff et al., 1997), the River Continuum
Concept (Vannote et al., 1980) and the Flood Pulse Concept (Junk et al., 1989). The Natural Flow
Paradigm discusses the consequences of the modification of various flow components such as loss of
flow heterogeneity, and the resulting ecological response within the system. The paradigm expands
uponthe conceptthat natural flows promote stable ecosystems, whilst over-regulated systems result
in ecological harm due to direct and indirect response to flow (Poff et al., 1997). Specific reasons
behind this will be discussed shortly. The River Continuum Concept discusses rivers as an open system,
particularly regarding theirlongitudinal connectivity. Within natural systems, ariveris generally well-
connected to upstream areas, allowing for the transport of sediments and nutrients, in addition to

10



free migration of biota up and downstream. In regulated systems with structure s such as dams and
weirs this connectivity is disrupted, resultingin ecological harm as species migrationis hindered and
sediment/nutrient transport is disrupted (Vannote et al., 1980). The Flood Pulse Concept discusses
the lateral connectivity displayed by natural river systems. This connectivity is usually brought about
by flow variation and flooding events (i.e. aflood “pulse”), as parts of the flood plain undergo periods
of inundation and drought. Not only does this periodic wetting maintain flood plain habitats, it also
allows nutrients and sediments from the flood plain to be carried back into the river channel. It is
suggested that flow modification due toimpoundment may prevent suchinundation from occurring
(Junketal., 1989, Junk and Wantzen, 2004a). This may bring about ecological harm both on the flood
plain due tolack of habitat maintenance and wetting, and alsoin the channel due to the removal of a
source of sediment and nutrients, as the natural pattern of inundation and recession "drags"
resources from the floodplain into the channel (Junk et al., 1989).

Moving beyond the natural flow paradigm, the ‘designer paradigm’ is increasingly seen as an
appropriate mitigation solution for modified systems; this paradigm acknowledges that full
naturalisation of a heavily modified systemis unfeasible due to the need foritto be utilised for societal
services. Flowsare instead designed around promoting positive and desired aspects of the ecosystem
(such as native biodiversity) whilst inhibiting undesirable aspects (such as invasive species or algal
blooms). This approach aims to develop efficient water solutions which intelligently allocate flows
between conflictinginterests foroptimum benefit (Chenand Olden, 2017, Acreman et al., 2014). The
‘designer paradigm’ is most relevant to heavily modified water bodies, and therefore such an
approachisbeingtakenin thisinvestigation. The pressures onriverine ecosystems describedhere also
compromise a waterbody’s services, in turn being detrimental to human well-being due to a decline
in services (Overtonetal., 2014). Therefore, the issues associated withimpoundment do not merely
represent a threat to native ecosystems, but over time may compromise water quality and other
services provided by the water body, reducing the value of the riversystem and potentially posinga
risk to human health. As such, the drive to improve ecological well-being is as much motivated by
societal interest as it is by environmental conservation.

2.4 Legislative implications: The Water Framework Directive

Environmental legislation in recent decades has provided impetus for the restoration of environments
impacted by anthropogenic activity. Most relevant to waterbodies within Europe is the Water
Framework Directive (WFD), introduced in October 2000 (European Commission, 2000). The WFD
implemented a classification system for water bodies, taking into account ecological as well as
chemical quality. The goal for all member states under the WFD is to meet Good Ecological Status
(GES) for all natural waters. GES is defined as:

“The values of the biological quality elements for the surface water body type show low levels of
distortion resulting from human activity, but deviate only slightly from those normally associated with
the surface waterbody type under undisturbed conditions.” (European Commission, 2000).

In the case of waters being heavily modified in order to provide services, where complying with the
standards of GES would be unfeasible, a different standard is set. Such waters are designated as
Heavily Modified Water Bodies (HMWABs), and must instead comply with Good Ecological Potential
(GEP). GEP is met when all proportional measures have been taken to bring the HMWB in line with
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natural conditions. If the HMWB still deviates from close-to-natural conditions, it must be justifiedin
that any further efforts towards restoration would be disproportionate, either economically,
environmentally, or due to detrimental effects on the HMWB’s primary service function (UKTAG,
2008). According to the Environment Agency, all relevant mitigation measures must be in place
provided that these measures are practical in accordance with a given HMWB’s characteristics, and
do not have significant detrimental impact either to the water body’s use or the wider environment
(Environment Agency, 2011).

With the significant and growing amount of literature supporting the natural flow paradigm, and the
pressure to meet ecological objectives, it may be seen as surprising that water managers and
legislators have yet to adopt this principle as a key aspect of water resource management. Moving
from conceptual to adoptable practice has proven to be a significant challenge, however. There are
significant issues that must first be addressed before the natural flow regime concept can be well-
implemented into management practices. Firstly, itis unfeasible to restore all of our waterbodiesto
natural flow conditions as society is reliant upon the services that these waters provide. Thus, the
question has been, is there a compromise in which natural flow can be partially restored in order to
provide ecological benefit, without disproportionaleconomicand service cost? It has been suggested
that some modifications to flowrelease, by considering key ecological requirements, could provide an
acceptable compromise; an example of this would be the Building Block Method (BBM); BBM proposes
to introduce alevel of intra-annualvariation corresponding to the flow needs of native biota. King and
Louw (1998) outlined BBM, which originated from a series of workshops in South Africa in which
experts worked together to form recommended environmental flow regimes in a rapid manner,
relative to previous approaches. The core feature of the methodis the use of aseries of work shops by
which experts from multiple disciplines are brought togetherin orderto “build” a flow regime based
upon expert opinion and knowledge of individual flow requirements (“blocks”) within the system (King
and Louw, 1998). A recentreport by the UK Technical Advisory Group (UKTAG) put BBM forward as
suggested best practice in UK flow regime management, citing it as necessary to achieving ecological
objectives within the United Kingdom (UKTAG, 2013).

2.5 Challenges in environmental flow implementation

Whilst BBM has been cited as best practice in UKTAG guidance, it has not yet been taken up as
standard management practice by water managers, or made a legislative requirement by authorities
such as the Environment Agency. Though BBM has been demonstrated to be a useful tool (King and
Louw, 1998), itis also highly resource-intensive and site-specific, using alarge number of experts who
are limited in availability and number. This method therefore, while appropriate for attempting to
rapidly restore important systems, cannot feasibly be applied to hundreds of sites on an individual
basis. Therefore,how to best design flow regimes, and how this varies site-by-site, remainsa pressing
issue in the fields of ecohydraulics and environmental flows. Rivers present an extremely complex
subjectof study, being, as they are, open systems. Ariveris affected by several seemingly innocuous
factors, due to connectivity to upstream parts of the system and the surrounding floodplain. Thus,
changesin land use around the headwaters of a river may have significant detrimental impacts upon
the downstream river system (Saunders et al., 2002). In addition to anthropogenic factors, the
tributary contribution, geology, climate, and many other natural factors also lead to no two rivers
being completely identical. This represents a major challenge to flow allocation, as designed flows
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must either be tailored specifically to a site, or a transferable framework must be developed which
allows for the application of general principles to rivers of certain classes.

As yet, no such framework has become standard practice within the field of ecohydraulics. Poff et al.
(2017)’s update on the evolution of environmental flow science discussesgrowth of the field in almost
every area, yet there is not yet a unified approach to environmental flow assessment. They also
emphasise theneedto extend from alocal scale to basin-scale perspective (Poffetal., 2017). Previous
regional frameworks have been attempted, but generally have used singular metrics of habitat
suitability (Ceolaand Pugliese, 2014). More recently, aframework forthe strategicallocation of water
in orderto balance environmental flows and societal needs has been proposed (Sabzietal., 2019), but
withinthe scope of generalised “environmental considerations” which must be determined on a case
by case basis. Arthington etal. (2018) discuss recentadvancesin environmental flows science, again
emphasisingthe emerging focus upon regional consideration overlocal -scale solutions. Anumber of
other key areas for advancement are detailed, including the use of a broader suite of ecological
metrics to better assess the success of environmental flows (Arthington et al., 2018).

In addition to the open nature of the system, a river also tends to be intrinsically tied with societal
services, such as water provision or recreation, and thus experimentation within the river system is
limited by the fact that flow manipulations are constrained within a social context in which many
stakeholders hold aninterestin the state of the flow regime. Konrad et al. (2011) discussesthe many
challenges posed to large-scaleflow experiments. He and other studiesstipulatethat new approaches
must be adoptedin orderto adapt to the unique nature of rivers as a systemto be studied (Summers
et al., 2015, Konrad et al., 2011, Poff et al., 2003) due to the fact that many principles upheld by
classical experimentation such as replication, randomisation and control of variables are not always
feasible inthe context of a large-scale flow experiment. Anotherissue that has been commented on
is that such experimentation rarely has post-implementation monitoring in place where restorative
measures proposed by a study can be fully validated (Gillespie et al., 2015b); this is due to the fact
that ecosystem change can be a slow process, taking months to years, and few studies have been
allocated the time or resources to investigate the long-term implications of flow change. Such
monitoring would be of significant value in order to quantify the impact of proposed water
management solutions. Additionally, societal interests add further complication to the environmental
flow design process. As has been mentioned, there is a need to optimise flows, not simply meet
ecological requirements. Increasing demand for water supply, the need for water security, and the
fact that water is a profitable resource for utility companies mean that environmental needs are a
contentious topic; water sent downstream for environmental purposes must be well-justified, and the
“cost-benefit” interms of water committed to environmental flows must be highlyoptimised in order
to maximise the volume of water retained for societal interests (Harwood et al., 2018).

The need to adapt methodologiesto optimise environmental flow solutions and account for system
complexity has been demonstrated by the fact that most previous studies in this field have not
provided datathatcan contribute to a general knowledge of ecology-flowinteraction due to alack of
standardised method and high site specificity; this has been commented on in other reviews and
studies (Arthington et al., 2006, Gillespie et al., 2015b). However, such studies have proven to be
lessonsin how methodology may be improved. Literature reviews provided by the likes of Poff et al.
(2010) and Gillespie etal. (2015b) have used such studies to highlight why we cannot yet form general
principles for implementing natural flow regimes, and where further research should be directed
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towards. As knowledgein how approach and method may be improved has developed, itis becoming
more likely that we will seea synthesis of future literature that might provide general knowledge and
principlesin ecology-flow interaction. From this, the practical application of the designer flow regime
concept, and the implementation of transferable designer flow frameworks, may begin to take place.
It has been suggested that the diverse influences of riverine ecology must be studied both through
short-term mechanistic experiments and long-term explanatory studies in order to disentangle this
complex webofinteractions (Laini et al., 2018). Climate change and land use changes are alsoresulting
in a shifting environment in which sustainable management of freshwater systems and security of
water supply are all the more pressing (Li et al., 2018).

Few studies have actually monitored ecological quality within modified water bodies in a concerted
efforttoincrease generalunderstanding of ecological responseto modified flow. Many of the current
studies suffer from inconsistencies and potentially flawed methodologies (Gillespie et al., 2015b,
Konrad et al., 2011, Summerset al., 2015). Because of this, attemptsto synthesise currentliterature
in order to draw out general trends have so far been unsuccessful (Gillespie et al., 2015b, Poff and
Zimmerman, 2010). There is not yetreliable evidence beyondconceptual expert opinionthat methods
such as BBM will provide sufficient ecological improvement to heavily modified waterbodies to meet
GEP, or that solutionsinlessmodified systems will meet GES. There is agreat needtoincreasegeneral
understanding of ecology and flow interaction, and for a quantified demonstration of the ecological
impact of flow regimes post-implementation. This could inform management decisions in a broad
practical contextand allow water managers to move away from “rule of thumb” compensation flows
such as Q95, into approaches which have a sounder scientific and evidential basis.

There are anumber of interacting variables that might influence ecology and river conditions; principal
drivers being flow alteration, deterioration of water quality, habitat degradation or modification,
invasive species, and over-exploitation. Summers et al. (2015) presentthese drivers asaninteracting
“web” of pressures. This has presented an immense challenge that investigators are struggling to
overcome; hydrologists and ecologists must identify new and suitable methods capable of better
isolating key drivers, or mitigating the influence of external drivers, in order to draw quantitative
relationships between flowregimes and biological metrics. In addition to the issues involved with the
complexities of the open river system, there are also the challenges associated with the highly
interdisciplinary nature of ecohydraulics, and the lack of centralised governance for river systems in
most countries. This leads to disparate groups who are not necessarily in communication having
responsibility for various aspects of water managementand study, in addition to other stakeholders
with potentially competing interests (Harwood et al., 2018). This adds a sociological aspect to flow
allocation which cannot be neglected. “Integrated Water Resources Management” (IWRM) is the
method by which water needs are balanced across competing interest groups; an early IWRM
approach was that of the “Minimum Flow”, an approach dating back to the 1990s where
environmental flows were defined as the minimum downstream flow requirement to sustain
ecosystems (Overtonetal., 2014), whilstmore recent work has moved towardsthe designer paradigm
to efficiently balance societal and environmental interests.

The primary challenges currently faced within the field of environmental flows are structural

limitations and political decision-making (e.g. how river quality is assessed and values, allocation of
resources, regulatorypressures). How environmental servicesare valuedis still an area of contention.
Provision for the environment and ecosystems can be neglected when assessment focuses upon
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maximising productivity or metrics such as impacts to global domestic product (GDP); such metrics
inevitably undervalue the services provided by the riverine ecosystem both in terms of maintaining
water quality and through the servicesthey provideto human well-being (Overton et al., 2014). Major
issues in maintaining water resources sustainability are predicted in the coming years if innovative
solutions and ashiftin perception of the importance of ecological sustainability are not brought about
(Warner, 2014). Thisis an ever-evolving field, however, and there is a growing framework on how
studies should approach theseinvestigations, with a call for studies to standardise their methodology
in order to allow synthesisinto a more general knowledge base (Gillespie et al., 2015b, Summers et
al., 2015, Konrad et al., 2011, Poff et al., 2003).

2.6 Current advances

Ascan be seeninSection 2.5, researchers are aware of the challengesinherent to the implementation
of environmental flows. A number of studies have attempted to mitigate orresolve these challenges,
and key examples are discussed below.

2.6.1 Trait-based analysis

Morphological and behaviouraladaptations, or ‘traits’, of species within a system provideinsightinto
the environment they are populating; species may be sorted into functional groups according to their
traits. Functional diversity within a system may aid in determining whether the local ecosystem is
healthy and balanced, and whetherthere are any significantissues driving out particular biota. Trait-
based analysis can therefore act as an indicator of ecological health, particularly in modified systems
inwhich theirnatural counterparts would be expectedto host a variety of functional groups (Petchey
and Gaston, 2006). Assuming no unusual natural biological filters are present, more functionally
homogeneous systems may therefore suggest that the local environment has been modified; an
example of this could be a polluted river in which only pollution-resilient species may survive. The
functional compositionof a system may provide insightinto what pressures may be driving ecological
response. The limits of the statistical analysis of speciespopulations alone has been criticised for some
time; particularly its difficulties in accounting for key ecological phenomena, restricting its ability to
reveal the role of significant community-shaping drivers (James and McCulloch, 1990). As such, the
trait-based approach, a method that has been emerging over the past decade or so (Petchey and
Gaston, 2006), may be used to better provideinsightsintothe ecological system presentatasite (Ings
et al., 2009, Alexandridis et al., 2017). This approach is based upon the Emerging Group Hypothesis
(EGH), in which functional equivalence within groups of species is assumed, should they share
particulartraits (Lavorel etal., 1997). This method was used successfully to predict benthos responses
to environmental change inthe recent study by Alexandridis et al., (2017). Trait-based analysis allows
for meaningful implications to be drawn on how a characteristic of flow may be affecting the
ecosystem; forinstance if size of biotais clearly being influenced bya certain aspect of the flow regime,
one may draw out the possibly mechanismsthat are causingthe ecological response. An example of
this could be that flow event frequency affects size, and a possible mechanism could be nutrient
availability (oraccess to said nutrients) being altered by this particular flowevent. In orderto perform
a trait-based analysis, one must first obtain data on the traitsinherent to particular species. Such data
may be obtained from species databases such as those found within the STAR (Standardisation of
River Classification) Project, “Deliverable N2” (Bis and Usseglio-Polatera, 2004), described in greater
detail in Section 3.2.

15



2.6.2 Habitat heterogeneity

Ecologists overwhelmingly support the concept of heterogeneity being the foundation of diversity,
theideabeingthatavaried habitat mosaicwillbe occupied by varied biota. Theoryon this is discussed
by Ward et al. (2002) and Wiens (2002). Ward et al. (2002) discusses biodiversity in riverine
landscapes. The study discusses the confidence ecologists have that habitat heterogeneity has a
strong influence upon ecological composition, but explains that this is difficult to quantify “due to
complex interactions between disturbance regimes, spatial heterogeneity and biodiversity in riverine
landscales” (Ward et al., 2002). As such, more study is required in order to quantify these complex
interactions. Wiens affirms the importance of habitat diversity, stating, “Overall patterns of
biodiversity that occur within riverine systems reflect organismal responses to landscape structure.”
(Wiens, 2002)

More contemporary studies have also utilised the theory of habitat diversity as a key influence upon
ecological composition and distribution:

A study by Dunbar et al. (2010a) highlights biodiversity as an important aspect of the river system,
demonstrating that modification of river morphology (bed and bankin the case of this study) lead to
a more significant response of macroinvertebrates to low flows (Q95). The study suggests that taxa
with particular flow requirements must have their habitats preserved in order to maintain a stable
ecosystem (Dunbar et al., 2010a).

Miller discusses how habitat heterogeneity has long been assumed as beneficial, but is not well
studied in the case of macroinvertebrates, stating that macroinvertebrates are “...only recently
receiving attention despite having a critical role in maintaining the stream ecosystem.” The study
foundthatalack of good quality pre-and post-monitoring data for habitat restoration projects limited
the study’s ability to draw robust conclusions on macroinvertebrate responseto restoration projects.
That is, the paper assumes that such heterogeneityisabenefit, but we do not yet have the ability to
predict and quantify a specific ecological response through meta-analyses due to a lack of rigorous,
standardised study design and alack of quality pre- and post- monitoring data for restorative studies
(Miller et al., 2010).

Feld et al. (2014) examined benthic diversity along a hydromorphological gradient of alteration
through a variety of different metrics. The study concluded that taxa were lost with increasing
alteration but were often replaced by other taxa of similar function, leading to no great change in
overall “diversity”. Flow and habitat modification are thus clearly having an impact on the ecology,
butthis doesnotshow upin certain metrics. Feld etal. state thatan effortis needed to developnovel
indicators of biodiversity, as currentindicators do not account for redundancy of traits when they are
present within the system (Feld et al., 2014).

2.6.3 Classification and regional-based analysis; improving transferability

The issue of site-specificity withinmany studies,and the needtoincrease transferability and synthesis
of future research within the field of environmental flows and eco hydraulics (Konrad et al., 2011,
Gillespie etal., 2015b) has led to the proposal of classification-based studies as a near-term solution
to this challenge in order to move forward in conceptual development. The Water Framework
Directive itself promotes river classification as a first step to defining reference communities for
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specificrivertypes. Anumber of ways by which river systems may be classified have been proposed,
and numerous approaches were proposed throughout the early 2000's, as described by (Olden and
Poff, 2003), attempting to group river systems into characteristics by which they may be compared.
In 2006, Monk etal. observedthatthe "Magnitude" category of flowhad the strongestinfluence over
macroinvertebrate response, noting that assessing rivers by magnitude class potentially offers a
means of better analysing the influence other variables when magnitude is not allowed to be the
primary driving force. Thisinturn wouldhelpto inform management of fluvial systems, and principles
could be transferred between sites of similar size and geological characteristics (Monk et al., 2006).

In additionto classification by flow, river systems can vary significantly due to geography through the
influences of local geology, climatic conditions, and native taxa. Gonzalez and Garcia (2006) emphasise
the importance of regional classification, listing possible classification levels and criteria such as size,
geology, channel morphologyand native vegetation type, demonstrating how Spain might be divided
into nine distinct ecoregions (Gonzalez and Garcia, 2006). Regional-based analysis was also proposed
by Arthington et al. (2006) as a method by which conceptual understanding may progress through
transferable frameworks, and this was further developed by Alcazar et al. (2010) who applied this
approach in order to propose regionally applicable environmental flows for regulated rivers within
Spanish catchments. Regional flows were successfully proposed based upon several regional-based
flow characteristics, and the study concludes that the methodology presented was a key outcome by
which other studies might continue to build upon and develop understanding of regional and
classification-based methods and application (Alcazar and Palau, 2010). Classification-based analysis
remains acompelling approach by which to advance conceptual understandingof environmental flow
designation, and currently represents the most efficient and feasible manner by which flow
impoundmentimpacts might be mitigated, through environmental flows that may be applied across
numerous systems of similar characteristics. There is still significant research required before such
approaches become standard practice, and any studies capable of identifying ecology-flow
relationships for a particular region would present a significant contribution to the broader field.

2.6.4 Hydraulic and ecological modelling

Computer modelling of riverine systems and their associated hydraulic characteristics is common
practice in fields such as flood risk management due to a model’s ability to modify flow inputsin a
controlled environment and predict the outcome. Modelling has beenincreasingly utilised in the field
of ecohydraulics forthisreason (Schneideretal., 2016). Hydraulicand ecological modelling packages
are key tools in the assessment of downstream impacts of flow modification, due to their ability to
predict hydraulic conditions and expected ecological response outside of available observed data,
withoutthe needforintensive in-field experimentation. Thisis achieved through the input of a given
flow or time series of flows, which is then computed into channel hydraulics such as velocity that
subsequently inform ecological predictions such as habitability fora given species. 1D, 2D or 3D
models may be utilised depending upon context and site complexity; 1D models are generally used in
applications such as sediment transport or flooding assessments in which cross-channel spatial
dynamics are not vital (Mashriqui et al., 2014, Sabatine et al., 2015), and are favoured for their
simplicity, transferability, ease of calibration, and low computational demand. Examples of 1D
hydraulicmodelsinclude HEC-RAS 1D and SRH-1D. 2D models are widely applied within hydraulicand
ecological assessments in which knowledge of detailed spatial dynamics are necessary; they are
particularly appropriate when assessment requirements do not require, orare able to disregard, the
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vertical component of flow (forexample hydraulics in shallow river systems), and therefore 2D model
assumptions are valid (Franz and Melching, 1997). 2D models are a middle-ground between 1D and
3D interms of complexityand requirements, needing significantly more calibrationand computational
powerthana 1D model, yet beingsignificantly simplerthana3D model. 2D models require boundary
inflow and outflow data and relatively high-resolution bed geometry data (Lai, 2008), examples
including SRH-2D and MIKE 21. 3D models offerthe greatestamount of information within asystem,
offering vertical as well as lateral and longitudinal channel hydraulics, which have been observed to
significantly affect habitat model predictionsin larger river systems (Pisaturo et al., 2017). 3D models
are the most data-intensive,computationallydemanding, and difficult to calibrate of the three models
however, and therefore tend to be used when the additional information provided is known to be
necessary; forexamplein adeep riverwherevertical velocities have an important influence upon bed-
level hydraulic forces.

Significant progress has been made both in terms of predicting the in-stream hydraulic response to
flow regimeinputs, and inpredicting the ecologicalimpacts of these hydraulics. Hydraulicmodels have
grown insophistication, with3D models such as Delft3D providing highly advanced methods by which
flow may be simulated. For applicationin environmental flow designation however, 2D modelling
continues to be widely used; although recent studies have pointed out that in larger systems 3D
models capture flow dynamics with greater accuracy (Pisaturo et al., 2017), 2D models such as SRH-
2D and River2D continue to provide good results (Jowett and Duncan, 2012).

Ecological modelshave traditionally focused upon habitat quality, with the Physical Habitat Simulation
system (PHABSIM) being one of the most widely used packages for this purpose (Reiser and Hilgert,
2018). Issues have been identified with this popular software (Beecher, 2017), but others such as
Reiser and Hilgert (2018) argue that PHABSIM remains a valid approach for habitat suitability
modelling. More recent models such as CASiMiR similarly model the habitat suitability of species
based upon predicted hydraulics,and have advantages such as the use of fuzzy logic, which allows for
a flexible ruleset by which the interplay of multiple variables may be accounted for with the aid of
expert opinion (Schneider et al., 2010, Schneider et al., 2016), and the use of FST (Fliess Wasser
Stammtisch) valuesin place of traditional velocity values, a surrogate for bed forces based upon river
bed experimentation using weighted hemispheres to assess flow forces (Kopecki, 2008). Habitat
guality models are the most common approach to ecological modelling currently. There have been
calls for greater sophistication of model considerations (Anderson et al., 2006), pointing out that a
more holistic consideration of ecological interactions (such as biotic components within the
environment), arguing that flow forces alone do not fully explain the response of species to flow
conditions, and may not accurately quantify resulting taxon distributions. However, this form of
modelling has not yet seen widespreadimplementation, likelydue to the complexityand high number
of variables such an approach requires, in additionto the inability of current models to integrate the
full spectrum of ecological dynamics such as physical habitat processes and biological interactions.
Even were such a model available, much like 3D hydraulicmodelsitwould likely not be desirable for
use unless necessary due to prohibitive data requirements, computational power demands and
calibration difficulties. At this stage, physical habitat-quality based modelling remains the primary
method by which hydraulicimpacts are assessed (Pisaturoetal., 2017, Premstalleretal., 2017), and
remains a “vital and well-utilized tool” in the field (Poff et al., 2017).
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2.7 Current knowledge gaps

Despite current advancements, a number of knowledge gaps exist that cause environmental flow
implementation toremainachallenge. As discussedin Section 2.6.3, transferability of results remains
an issue; although regional and class-based transferability has been identified as a path forwards in
the near-term, few studies have implemented approaches in this manner; those that have tend to
address environmental flows without consideration of the temporal influence of flow. In the Piedmont
region, Italy, astudy designated minimum environmentalflows at aregional level (Vezzaetal., 2012),
and whilst successfully implementing class-based regional assessment for flow designation,
environmental flows were assigned in terms of steady flow minima. Solans and de Jalon (2016) also
perform a regional analysis utilising the Ecological Limits of Hydrological Alteration (ELOHA) method
(Poffetal., 2010); though the study presents ecology-flow relationships and trends on aregional scale,
the ELOHA method focuses upon identifying thresholds for the extent to which particular flow
characteristics can be modified before significant changes to ecological compositionare observed, and
deals with how environmental standards might be set; no specific flow regime is proposed. The
approach represents one tool that might be used within flow regime designation, but may entail
intensive field work to test the identified ecology-flow relationships. These studies do not directly
considerthe societal servicesand water security perspectives of environmental flow designation; this
perspective appearsto be an oft-neglected aspect of research.In this thesisl aim tointegrate regional,
class-based transferability with holistic environmental flow regime designation that considers the
influence of flow magnitude, temporal flow characteristics such as flow event frequency, as well as
the implications of workingin a context with societal service and water security requirements. This is
accomplished by usinglessons learned from previous studies, identifying key areas of study outlined
in studies such as Gillespie etal. (2015a) and Poff and Zimmerman, 2010 (Section 2.5), and adopting
a number of recentapproaches taken that have attemptedto overcome the challenges posedin this
field, as discussed in Section 2.6. Additionally, original research is used to identify influential flow
characteristics and typical regional flow patternsin natural systems (discussed furtherin Chapters 3,
4 and 5) in order to develop a flow regime at a case study site. Flow regime designation integrates
ecological flow magnitude requirements (identified through hydraulicand ecol ogical modelling), the
temporal influence of flows upon the ecosystem (identified through trait-based analysis), and
impoundment storage capacity (tracked by a reservoir storage model) in order to achieve holistic
proposed flows. The approach emphasises regional and river class-based assessmentand is designed
to be transferable to similar river systems, and possibly scaled up to larger systems, as discussed in
Chapter 6.

2.8 Summary

Flow regime modification due to impoundment acts as a pressure upon riverine ecology through a
numberof directandindirectdrivers.Itisimportant to gain agreater understandingin the relationship
between these drivers and ecological response in orderthat cost-effective mitigation measures may
be put in place to safeguard ecological health and work towards meeting freshwater legislative
requirements. There is a great deal of challenge in the translation from existing conceptual
understandingintopractical investigatory frameworks, due to the highly complexnature of rivers and
the numerous interdependent variables that contribute to the overall state of the system. This
difficultyis further exacerbated by the lack of a cohesive approach to flow investigation; it has been
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concluded that much literature cannot be compared with one another or synthesised into general
understanding due to the high site-specificity of many investigations and the lack of uniform
methodologies. This project has reviewed existing literature and will attempt to go about this
investigation with the goal of furthering understanding on a more general transferable level, as
opposed to being merely site-specific.

The focus of this study has been the relationship between flow modification and macroinvertebrate
response within the region of Northern England. Macroinvertebrates were chosen as anindicator for
a number of practical reasons. Firstly, ecological expertise present forthis projectliesinthe study of
macroinvertebrates. Secondly, the area of fishis a thoroughly investigated field, thus any fin dings of
scientific novelty would necessitate extensive technical knowledge of the area; this would require
expertise that, as previously mentioned, this investigation does not have access to. Thirdly,
macroinvertebrates have beenreported as asomewhat neglected field (Gillespie etal., 2015b); it was
believed that this investigation with the resources available would be capable of much more
scientifically valuable findings in the field of macroinvertebrates. A two-fold approach of statistical
analysis, and ecohydraulicmodelling throughout the investigation resultedin the following outputs; a
framework for further investigations in this field; an enhanced general understanding of the
relationship between flow and ecology; and recommended ecologically-beneficial flow regime
recommendations for the case study site subject to investigation.
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2.9 Research questions overview

Through a review of current literature, key research questions for this investigation were identified.
These questions were outlined in detail in Chapter 1. Below, an overview of these questions and the
Chapter(s) associated to them in this investigation is provided prior to movinginto the research
section of the thesis.

Table 2.1: Thesis research questions and associated Chapters

Research Question Chapter3 Chapter4 Chapter5 Chapter6

1. What specificdrivers are elicitingan
ecological response?

2. How can localised hydraulic
requirements of taxa be translated into an
ecologically beneficial flow regime? v v

3. Whatindicators can be used to

interpret habitat quality, givenits

variation over time and differentvalues v
betweenspecies?

4. How may outcomes such as habitat
quality predictions be interpretedinlight v
of legislative targets?
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3. UNDERSTANDING AND QUANTIFYING THE IMPACTS OF
FLOW MODIFICATION IN NORTHERN ENGLAND THROUGH
MULTISITE ANALYSIS

3.1 Introduction

Chapters 1 and 2 have discussed the issues and challenges inherent to the field of environmental
flows. More specifically relevant to this Chapter, asignificant knowledge gap was identified; this being
a lack of understanding in how taxa respond to specific characteristics of flow, and which flow
characteristics are the most impactful upon the ecosystem when a system is subjected to flow
modification. This Chapter explores two of the key research questions that were previously identified
in Section 1.3:

Research Question 1: How can ecology-flow interactions be better understood in a more
transferable manner?

Research Question 2: Does impoundment flow modification impact the local ecosystem, and if so
what specific flow characteristics are most influential upon benthic macroinvertebrate
communities?

It was established in Chapter 2 that the widerimplementation of environmental flows is hindered by
a lack of general principles and methods that may be applied across sites (Gillespie et al., 2015b).
Many smaller-scale impoundment systems exist, and many are currently not meeting legislated
ecological targets (Voulvoulis et al., 2017). Intensive and site-specific investigation within such
systems, giventheirnumber, isimpractical. Better, and more general, information about ecology-flow
relationships may reduce the amount of information that isrequired from a site before scientifically-
grounded environmental flows may be developed, and regional principles for such relationships may
allow for directly transferable environmental flows between sites of similar character (Arthington et
al., 2006).

In this Chapter an assessment is undertaken, utilising knowledge from existing studies, by which
guantitative general regional ecology-flow principles may be identified within a regionally relevant
context (Northern England in this case). Such knowledge will aid in better understanding such
relationships, and facilitate more efficient environmental flow designation by highlighting influential
flow variables and their general relationship with a given ecological indicator (macroinvertebrates in
this study). This may be of particular use at smaller sites in which intensive and site-spedific
investigation may notbe feasible due totime and resource constraints. The key aims of this Chapter
are to provide quantitative results that may be synthesised into the wider body of literature to aid in
the identification of general principles in the relationship between flow modification and
macroinvertebrate ecology within rivers of similar character, and to utilise these principles for
environmental flow design in Chapter 5 of this investigation, while also establishing the degree to
which quantified generalrelationships may be integrated into the designation of flow regimes. These
outcomes will help to inform possible future water management solutions by contributing to the wider
knowledge base, and more specifically by identifying ecology-flow trends within the region of
Northern England which may potentially be applied across sites within the magnitude range studied,
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as well as supplementing the modelling approach usedin Chapter5in orderto achieve amore holistic
environmental flow designation methodology (research question 3).

In developing such a framework, a number of principles have been usedto guide the approach; the
firstof these isto base analyses on similarriver systems. Studies based on sites covering awide range
of conditions may encounter difficultiesin detecting patternsas aresult of the variation resulting from
differences between classes ortypes of watercourse; magnitude of flow in particular may overwhelm
otherhydrological drivers when assessed across too broad a scale (Monk et al., 2006). River systems
of a similar geology and geography, which experience the same climatic conditions, are expected to
generally respondinasimilar mannerintermsof flow,thermalregimeand physiochemical properties
(Alcazar and Palau, 2010). Class-based investigation became more widely utilised in the early 2000s
(Arthington etal., 2006, Alcazarand Palau, 2010, Gonzalez and Garcia, 2006), in which study sites are
narrowed down to those sharing similar characteristics (as defined by the researcher) so as to
constrainthe number of variables likely to be influencing the ecosystem. This investigation focuses on
rivers of a similar magnitude class, located across the region of Northern England.

The second principle isto focus on functional, as well as taxonomic, measures of ecological community
structure. This investigation uses trait-based ecological indices. Just focusing upon taxonomic
composition may not detect the influences that flow exerts upon ecosystems in cases where
compositionisaltered but overall richnessis not (Chinnayakanahallietal., 2011). There is increasingly
a call forabroadersuite of ecological metrics to fully assess ecological impact (Arthington et al.,2018).
In this study, we employ a combination of taxonomic diversity measures, a flow velocity preference
metricbased on speciestraits, and LIFE scores(an existing flow preference metric; Extenceetal.,1999)
at the study sites.

Athird principleisto try and take account of the transferability of results. Poff and Zimmerman (2010),
following a wide meta-analysis of papers, comment:

"Our analyses do not support the use of the existing global literature to develop general, transferable
quantitative relationships between flow alteration and ecological response; however, they do support
the inference that flow alteration is associated with ecological change and that the risk of ecological
change increases with increasing magnitude of flow alteration." (Poff and Zimmerman, 2010).

The demand for more transferable and relevant data is clear from past literature. The goal of
increasing general understanding of ecological response to modified flows is therefore a key aim
throughout this investigation. There is still much work to be done in working towards a general
knowledge of ecology-flow relationships. A number of recent studies in the field of environmental
flows are focused on specific applications, for example hydropeaking, that are not necessarily
transferable toreservoirimpoundment. Examples include ecosystem responses in rivers connected to
wetland (Hickey et al., 2015), or the assessment of response following theimplementation of a spedific
flow experiment (King et al., 2015). Transferable data is therefore relatively scarce due to differing
potential applications. The general consensus among recent studies appears to be a continuing need
for more quantitative studies (Penaluna et al., 2017), transferable within their particular field of
application, to increase the availability of data in all sub-fields of environmental flows. Additionally,
further development of ecological assessment tools is desirable (Salmaso et al., 2018) to better
identify different kinds of ecological impact (e.g. functional composition or richness as discussed in

23



Section 2.6.1), in order to increase the likelihood of significant ecological-flow relationships being
identified.

Inorderto ensure alevel of transferability, the approach of a multi-site desk-based analysiswas taken
utilising lessons from past literature such as the potential for class-based analysis to provide more
useful ecology-flow information (Arthington et al., 2006), and the need for general principlesthat may
be generated through an analysis of several systems (Gillespie et al., 2015b). A multi-site analysis
approach allows trends to be observed across sites, rather than attempting to analyse specific sites
which may lead to limited transferability of findings. It involves the statistical analysis of flow and
ecological data across several sites of a particular magnitude and geographical class. The multi-site
analysis breaks down flow at each site into several flow components, drawing from the Indicators of
Hydrological Alteration (IHA) method (Richteretal., 1996), described furtherin section 3.2. As detailed
in the methods, sites were selected at a similar scale and similar geographic region; this should in
principle entail that statisticallysignificant relationships identified across selected sites will have some
level of transferability to other sites of a similar scale and in the local region, and perhaps might
translate to systems beyond the region studied.

3.2 Methods

This study utilised an IHA-style breakdown of historical flow data (Richter et al., 1996) in order to
identify hydrological characteristics at each site. Sites were characterised ecologically using species
trait analysis focusing upon flow velocity affinity, Shannon’sbiodiversity index for species populations,
and LIFE scores. The differences in site character and ecological properties between each site were
analysed through multivariate linear modelling; variables or combinations of variables displaying a
statistically significant influence upon ecology were noted. A key aim was to identify significant
ecology-flow relationships in order for potential trends general tothe region of Northern England to
be proposed and applied practically in Chapter 5.

3.2.1 Site selection & data

Site briefings provided by United Utilities (UU), written by both a hired consultant, Grontmij, and
Environment Agency assessors, and EA’s online Catchment Data Explorer (Environment Agency, 2018),
were utilised to select study sites for this investigation. Sites were chosen based upon their
geographical similarity, similarity of flow magnitude, and abundance of available synchronous flow
and macroinvertebrate data. A range within approximately one order of magnitude for annually-
averaged mean daily flowswas usedforsite selection; this range was used as magnitude classifications
are typically defined within order of magnitude groupings, though no single classification method to
date has been completely defined and accepted (Meybeck et al., 1996). Selected sites ranged from
0.31-4.3m3/sec annual mean daily flow. Five years or more of data in order to obtain more robust
seasonal mean species populations; a longer coverage would have been desirable, but long-term
synchronised flow and ecological data is not abundant in the UK, particularly with the additional
criteriadiscussed.Sites were also excluded if there wereany apparentand significant external factors
could influence populations, such as poor water quality, defined using the Environment Agency's
online Catchment Data Explorer (Environment Agency, 2018) in which the EA’s chemical classification
forasite can be found. The sites selected for study were of “Good” chemical qualityin the most recent
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analyses. Siteselection concluded with 20selectedsiteslocatedacross the North of England as shown
in Figure 3.1.
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Figure 3.1: Locations of all study sites across the North of England
Sites OS grid reference locations are detailed below in Table 3.1:

Table 3.1: List of study sites and their flow gauging and ecological sampling OS locations, with
distances between the two sampling sites.

Flow Gauging OS Ecology Sample OS Distance between

Site name Location Location Flow and Ecology sites
Blackfoss Beck SE7249147392 SE7251947416 36m
Colne SE1364416110 SE0910914447 830m
Crimple Blackstones SE4013252956 SE3787951685 4km
Dearne SE3497007279 SE3477007932 690m
Eastburn Beck SE0203545263 SE0148144826 702m
Foulness SE7797637277 SE7800738044 763m
Ryburn SE0354718938 SE0404819773 970m
Skell SE3157070949 SE3185270904 286m
Spen Beck SE2247621023 SE2261920934 242m
Went SE5506416309 SE5650116142 1.44km
Calder SD4978643349 SD4988943319 108m
Church Beck SD3063997190 SD3020097600 605m
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Crake SD2945588220 SD3067284861 3.5km
Douglas Wigan SD5861706027 SD5860906011 19m
Eden NY6045228312 NY6039128147 175m
Eea SD3643176385 SD3610076600 390m
Heltondale NY4943720421 NY4923520205 290m
Pendle Water SD8366535152 SD8365535455 296m
Swindale Beck NY5146113169 NY5360016300 3.8km

Followingsite selection, requests were senttothe UK’s Environment Agency (EA), both for historical
flow data (flow data was also obtained from the Centre of Ecology and Hydrology (CEH) National River
Flow Archive) and benthos ecological sampling data. Flow data was in the form of mean daily flows,
typically spanning over 10years. Ecological datawas in the form of alarge database showing ecological
indices and taxon abundance at a species or family level, typically with samples taken in spring and
autumn each year and sampling spanning 5-10 years. The coordinates of the data were checked to
ensure that the flow and ecology data were synchronised, had no significantintervening flow inputs
such as tributaries between flow and ecological measurement sites, and were within a 4 kilometre
proximity (see Table 3.1), within which overland flow would not be expected to significantly alterin-
channel flow conditions between ecological and flow gauging sites. LIFE scores were immediately
available from EA data, whilst other flowand ecological variables were derivedfrom processing of the
raw data.

3.2.3 Processing hydraulic data

Using mean daily flow data obtained from the Environment Agency or CEH, flows were characterised
at each site following categories based on the IHA method of assessment using the IHA software (The
Nature Conservancy, 2017). The indicators from Richter et al. (1996), discussed in the previous
Chapter, Section 2.2.3, break down the characteristics of a flow time series into a number of
ecologically-relevant flow characteristics. These flow components may then be related to taxa
distributions (obtained from the Environment Agency) at a given site through various ecological
metrics such as trait-based analysis and biodiversity. Using PCA, it will be possible to reduce the
redundancy of flow characteristics and betterisolate drivers of ecological response or categorise them
into particular groups. Additional components such as the extent of river modificationhave been used
inrecentliterature (Gillespieetal., 2015a) but such factors are beyond the control of water managers
and thus would not contribute towards the overall goal of informing flow regime designation.
Additionally, though such information would be scientificallyinteresting,itis beyondthe scope of this
investigation, given the desire to utilise a simple and transferable framework, and due to resources
being committed to other avenues of investigation (see Chapters 4 and 5). Following redundancy
analysis, the most influential drivers may be found through multivariate linear modelling. By
identifying the most influential components of flow, this analysis will guide approaches used in 2D
modellingin Chapters 4and 5, and will contributeto the overall body of knowledge being accumulated
within the field of ecohydraulics relating to reservoirimpoundment and environmental flows.

The challenge of site-specificity and lack of general principles for ecologically beneficial flow regimes,
due to the complexity of river systems, is discussed in Section 1.3 and furtherdetailed in Chapter 2. In
response to these difficulties, mitigation measures for flow modification based onriver classification
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have been suggested as a near-term solution (Arthington et al., 2006). River classifications involve
sorting rivers into classes of similar character, for example a particular river class may share similar
flow magnitudes and sediment characteristics. The meta-analysis hopes to identify such trends, and
isthus one way in which this investigation hopesto overcome the issue of site specificity and provide
site managers with general principles for ecological improvement that may be applied across a
particular classification of river.

The multiple site analysis is not overly demanding in terms of data requirements, though significant
processing of the data to form new metrics is required; daily flow averages obtai nable from the
Environment Agency and the Centre of Ecology and Hydrology, coupled with taxa sampling datain the
form of species distributions are sufficient to achieve the fundamental goalsoutlined for this task. This
method of matching daily or monthly flows coupled with biotic data has been seen in other recent
publications (Solans and de Jalon, 2016) though, as describedin Secton 2.7, their approach was more
focused upon describing modification thresholds through the ELOHA method, as opposedto directly
informing flowregime design as in this thesis. Thoughdatarequirements are not complex, the volume
of data requires significant processing and formatting, and data availability is often an issue in these
studiesdue tothe needto find synchronised flow and ecological datathatis acceptably accurate and
has minimal additional ecological pressures present such as water quality issues. Indexvalues by site
are listed in Appendixii. Table 3.2 describesthe flow metrics utilised and correspondingcharacteristics
they describe. These metrics were chosen due totheirecological importance described by Richteret
al. (1996), evidenceof thisin other studies (Monket al., 2006, Blanckaertetal., 2013, Rolls et al., 2012)
and due to theirrelative simplicity toimplement as part of a flow regime. Forexample, itis a simple
matterfor an impoundmentto alterthe frequency at which higherflows are outputted, whereasitis
less feasible to control other categories identified by Richter et al. (1996) such as “Smoothness” or
“Rapidity of Change” due to current impoundment infrastructure limitations and due to issues in
communicating less intuitive regime changes to water managers.

Table 3.2: Flow metrics and their corresponding flow characteristics

Flow Index Category Characteristic described

Mean annual flow Describes general magnitude of flow

Q10 Describes very high-flows

Q25 Describes moderate high-flows

Q95 Describes very low-flows

Standard Deviation Describes heterogeneity of annual flow

Mean annual minima Describes extreme lows

Mean annual maxima Describes extreme highs

Mean annual range Describes general yearly range

Mean low flow frequency How frequently low flow events occur (median flow -25%)
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Mean low flow duration How long low flow events tend to last (median flow -25%)
Mean high flow frequency How frequently high flow events occur (median flow +25%)

Mean high flow duration How long high flow events tend to last (median flow +25%)

Using the above flow index values, flow at each site could be well characterised by a number of flow
metrics reportedin literature to be ecologically influential (Worrall etal., 2014). Worrall et al. (2014)
aimed to identify hydrological indices for characterising macroinvertebrate community response.
Theyidentified six flow variables that were able to explain ~95% of the ecological variance attributed
to flows, though they emphasise that explanatory power and contribution of variables may change
based uponregional characteristics such as groundwater contribution to flow. The six variables point
to high flows, low flows, and temporal variation as key drivers within the systems investigated by the
study; the variables selected in Table 3.1 are selected to characterise these flow components.

3.2.4 Processing ecological data

Forthe EA invertebrate data, there was variation in thetaxonomicresolution used.In some years data
was at species level whilstin others at a family level. Because of these differences, all data was
converted to familylevel for consistency, and then the mean annual seasonal familyabundances were
calculated for each site in spring and autumn. Velocity affinity has been utilised in a number of
ecological analyses (Schneider et al., 2016, Conallin etal., 2010), asimilarapproach was adopted here.
Species preferences for the analysis were taken from the European Commission supported STAR
project, within the output “Deliverable N2: Species Trait Analysis” (Bis and Usseglio-Polatera, 2004).
This output deals specifically with speciestrait analysisof macroinvertebratesand contains one of the
largest collections of species biological affinities currently available. The entirety of the STAR project
isfreely accessible online (www.eu-star.at). Preferenceswere assignedto families by taking the mean
trait affinity value of all species present within that family. This approach has been used in other
studies and, because of general levels of trait similarity within families, is considered a justified way
of deriving family preferences or affinities (Resh et al., 1988).

Each family was also sorted into particular categories of flow preference, described in Table 3.2. These
categories were based upon definedflow rangessimilar to those defined by the STAR project (Bis and
Usseglio-Polatera, 2004), with additional categories for more generalist species displaying arange of
preferences(typically favouring a particular flow but having moderate affinity fora range of flow). The
STAR project lists the following 4 categories of flow preference: null, slow (<25cm/s), medium (25-50
cm/s), fast (>50 cm/s). However, these four categories each have affinity scores (0-3) assigned to
them, so asto define how the species respondswithin each condition, rather than providing a discrete
single categorical value perspecies. Forexample,aspeciesmight have an affinity score of ‘1’ for ‘null’,
‘2’ for ‘slow’ and ‘medium’, and ‘1’ for ‘high’. For this investigation, it was desirable that each family
be assigned a discrete single categorisation in order for the statistical analysis (dividing the overall
macroinvertebrate population into various flow preference categories in order to provide an overall
site trait score) to proceed. As such, more than 4 categories of flow preference were ne cessary to
represent the various affinity distributions.
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Null flow was represented by the category of ‘Null Flow’, whilst high affinity scores of ‘3’ for ‘slow’ or
‘fast’” were represented by ‘Low Flow’ and ‘Fast Flow’ respectively. Families with more general
preferences (i.e. an affinity score of 2 or more for most STAR flow categories) were provided
‘generalist’ categories; most families were found to have at least aslight preference for lower or higher
flows, however, and thus the categories to represent these families were designated ‘Low-Medium
Flow (generalists) and ‘Medium-Fast Flow (generalists), respectively. Lastly, families that were not
generalists, but also did not display strong affinities strictly for ‘slow’ or ‘fast’ (e.g. perhaps had an
affinity score of ‘2’ for ‘slow’ and ‘2’ for medium, and ‘1’ or less for ‘null’ or ‘fast’) were put into the
intermediate categories of Low-Medium, Medium, and Medium-Fast Flow, depending upon affinity
score distributions. Categories are listed in Table 3.3.

Table 3.3: Trait score categories and associated weightings

Flow Velocity Preference Trait Score Weighting
Null Flow 1 10

Low Flow 2 7
Low-Medium Flow only 3 7
Low-Medium Flow (generalists) 4 4

Medium Flow only 5 1
Medium-Fast Flow (generalists) 6 4
Medium-Fast Flow only 7 7

Fast Flow 8 10

Populations within each category were summed up at each site based on the mean annual abundances
of each family within a given category within spring and autumn. The distribution of abundances
between categories provides an insight into functional composition of a site. Once population
distributions across trait categories were calculated at each site, more extreme categories (e.g. very
fast flow) were given a weighting due to the fact that taxa possessing extreme traits tend to be less
commonin typical conditions, yet the presence of even small numbers of such taxa is suggestive of a
system's character (Petchey and Gaston, 2006). Generally across sites, species preferring medium
flows were prolific, and thus weightings were used to better demonstrate fluctuations in functional
distributions. Flow velocity categories were each given a score between 1and 8. Completely lentic
(still) flow was scored at ‘1’, medium velocity ‘5" and very high velocity ‘8. The abundances of families
presentineach category, relative to the total population, was multiplied by the weighted score. The
sum of these values constituted the overall Trait Score. A trait score of ‘1’ would indicate a site
dominated by the lentic flow affinity species, whilst ‘8 would indicate that fast flow affinity species
dominate. Values in between indicate some ratio between the two.
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At low-medium flows, most species in the sampled regions appear to be generalists, with spedes of
specificlow-medium affinity being very rare. As such, the weighting for the Low-Medium affinity was
weighted the same as the Low Flow affinity, which was also rare at most sites.

In Table 3.4 a trait score calculation is demonstrated:

Table 3.4: Example of trait score calculation on a fictitious site, prepared to demonstrate the
calculation prior to data analysis of study sites.

Score Flow Affinity Average Weighting Weighted Proportion Proportion

Abundance Population * Score
1 Null flow 1 10 10 0.028 0.028
(0cm/s)
2 Low Flow 1 7 7 0.020 0.040
(0-10cm/s)
3 Low-Medium 0 7 0 0.000 0.000
Flow
(10-20cm/s)
4 Low-Medium 5 4 20 0.057 0.226
Flow (less
selective)
5 Medium Flow 97 1 97 0.274 1.370
(20-30cm/s)
6 Medium-Fast 49 4 196 0.554 3.322
Flow (less
selective)
7 Medium-Fast 6 7 24 0.068 0.475
Flow
(30-40cm/s)
8 Fast Flow 0 10 0 0.000 0.000
(>40cm/s)
TRAIT 5.461
SCORE

It can be seen in Table 3.4 that a very large population of species with a medium-flow affinity
dominates the site. However, also present are generalist species with a tendency to favour slightly
higherflows, as well as a small population of species preferring medium-fast flows. Also present are
generalists with tendencies for low flows, and singular individuals present for very low flows; these
are much less significant. The final trait score of 5.461 for this site provides a good description of
functional distribution; thereis a slight favour for higher flows at this site, but it is still closest to the
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integer score of 5. Were there a larger population of “medium-fast” affinity species, a score
approaching 6 would be expected. This form of trait-based analysis allows for ecological characteristics
to be compared across sites directly alongside flow characteristics, allowing hypotheses to be formed,
for example, on how a particular flow characteristic may be driving a particular ecological
characteristic. This method has been used in a number of previous studies, as demonstrated in the
literature review (Alexandridis et al., 2017, Ings et al., 2009, Petchey and Gaston, 2006).

3.2.4.1 LIFE Score

The Lotic-invertebrate Index for Flow Evaluation (LIFE) score isawidely used metricfor the ecological
monitoring of benthicmacroinvertebrates (Dunbaretal., 2010a). The method is based upon the flow
affinities of macroinvertebrate species and families, recognized from established literature.
Commonlyidentified British freshwater species are assigned to one of six flow groups shownbelow in
Table 3.5 adapted from Extence et al. (1999):

Table 3.5: Benthic macroinvertebrates flow groups and associated characteristics, adapted from
Extence et al. (1999)

Group Ecological flow association Mean current velocity

I Taxa primarily associated with rapid flows Typically >100 cm s

I Taxa primarily associated with moderate to fast Typically 20-100cm st
flows

" Taxa primarily associated with slow to sluggish Typically <20cm s
flows

v Taxa primarily associated with flowing (usually -
slow) and standing waters

Vv Taxa primarily associated with standing waters -

VI Taxa primarily associated with dry or drought -
impacted sites

Overall LIFE score for a site is calculated through the abundance of species by category as follows:

X fs
n

LIFE =

Where }; f; is the sum of individual taxon flow scores for the whole sample, and n is the number of
taxa used to calculate Y, f (Extence et al., 1999).

3.2.4.2 Shannon’s Diversity
Biodiversity is seen as a key indicator of ecological wellbeing (Levin, 2000, Benayas et al., 2009),

therefore ametricfor biodiversity was utilised to measure ecological responsein this regard between
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sites. Shannon’s Diversity (H) is a widely used metric within the field of ecology to determine the
diversity of species within a given population (Ludwig and Reynolds, 1988). This study determined
diversity for each site from macroinvertebrate family data, again in spring and autumn respectively.
An index of Biodiversity was calculated for each site, using the Shannon’s Diversity Index (H) as a
metric, the calculation being:

S
H' = ZPL' Inp;
=1

Where S is the number of species presentinthe sample and p; isthe relative abundance of speciesi,
i.e.itisthe proportion of individual species relative to the total community (Magurran, 2004). At each
site, biodiversity was calculated using the family population as ‘species’.

3.2.6 Reducing redundancy of flow variables

A Principal Components Analysis (PCA) was undertaken with the aim of disentangling ecological and
hydrological variables and reducing redundancy.PCA has beenusedin a number of statistical analyses
relating to environmental flows as a method to overcome the complexity of the river system and its
many interacting variables, by identifying the way in which independent variables relate to one
another (Worrall et al., 2014, Mwedzi et al., 2017, Woznicki et al., 2015). PCA was performed in the
software program R on data matrices containing IHA-processed flow data at each study site, in order
to inform subsequent multivariate models; i.e. to avoid using redundant variables within the same
model. Variables were sorted into distinct groups based upon their clustering in the PCA. Clustering
occurs based upon how variables relate to one another; variables that are closely related will have
similar vectors and cluster around the same area, inversely related variables will have opposing
vectors, and variables sharing no relationship will be perpendicularto one another. Redundancy
withinthese each of these groups was significant, and it was decided thatin subsequent multivariate
modelling, such variables should not be used within the same model; thisis detailed furtherin Sections
3.2.7 and 3.3. The original flow variables were utilised as opposed to PCA-derived principal
components (PCs) so as to be more interpretable and actionable; for example relating an original
variable such as “Low Flow Frequency” to ecological response can provide clear implications and
potential mitigation solutions within a designed flow regime, whereas an amalgamation of variables
withinaPCis more difficult to derive solutions from. Studies such as Mwedzi et al. (2017) similarly opt
to retain individual variables in order to comment on potentially key drivers of ecological metrics.

3.2.7 Model fitting

Six data matrices were constructed, containing one of the three ecological indices (diversity, LIFE, or
velocity preference) foreither spring or autumn seasons. Each matrix contained all independent flow
variables. Within the matrices, ecological indices vary seasonally due to shifts in the ecological
community between seasons, whereas the flow variablesdo not vary as these flow characteristics are
based uponyear-round flow statistics. For each data matrix multiple linearregression was used to fit
models foreach ecological trait withineach season. Linearand multiple linear regression models were
createdinR usingthe linear model function forall possible combinations of non-redundant variables
along with each variable individually as univariate models. Redundant variables were defined as
variables sharing the same category (“Magnitude” or “Temporal”).
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Model fitting was performed for each ecological dependent variable with combinations of flow
variablesasthe independent variables. The best fitting models foreach dependent variable, in spring
and autumn respectively, were determined. These were based upon p-values, R-squared values, and
the Akaike informationcriterion (AIC). The AICis a measure ofthe relative quality of a statistical model,
compared with other models applied to the same data. AlCtakes into account the closenessof fitand
also the complexity of the model, balancing model accuracy to the provided data with model
transferability (Aho etal., 2014). AIC was used as the principal statistic by which best fitting modelwas
identified relative to other models generated. Best-fitting models identified the mostinfluential flow
variables upon the ecological variables across the sites used in the study; ecological responses were
predicted using the linear model coefficients of identified variables, and the results were recorded
and plotted against the original data to compare predictions with what was observed in the field. All
analyses were performed in R version 3.2.4 (R Core Team, 2016).

3.3 Results

Ecological metrics for each of the 20 study sites are shown below in Table 3.6.

Table 3.6: Site values for trait score, Shannon’s index (H), and family LIFE scores at each site in spring
and autumn

Site Velocity  Velocity Diversity Diversity Family LIFE Family LIFE
Trait Trait (Spring) (Autumn) (Spring) (Autumn)
(Spring) (Autumn)

Blackfoss Beck 5.16 3.14 1.90 2.71 6.45 6.61

Colne 4.80 4.52 1.22 2.03 6.89 6.66

Crimple 4.65 5.00 2.23 2.53 7.4 7.41

Blackstones

Dearne 5.02 2.83 1.39 2.03 6.29 6.56

Eastburn Beck 4.70 5.27 2.13 2.08 7.91 7.48

Foulness 457 2.27 2.03 1.16 6.3 5.81

Ryburn 4.20 4.62 2.19 2.47 7.92 7.49

Skell 4.14 3.97 2.57 2.53 8.14 7.55

Spen Beck 4.09 2.57 1.46 1.81 6.26 6.41

Went 5.59 3.03 2.01 2.35 6.18 6.03

Calder No data 5.68 Nodata 2.50 No data 7.63

Church Beck 6.74 6.30 1.70 1.29 7.75 7.6

Crake 6.70 6.27 Omitted Omitted 7.59 7.18

Douglas Wigan 6.27 5.99 1.87 1.83 6.69 6.89
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Eden 6.11 6.75 231 2.64 7.9 7.73

Eea 6.43 7.10 2.40 1.85 7.43 7.07
Heltondale 6.89 7.01 1.84 2.18 8.3 8.29
Pendle Water 5.55 4.06 1.57 2.42 7.22 7.34
Swindale Beck 6.26 6.26 2.09 2.59 7.79 7.53

All hydrological metrics foreachsite are listed in Table 3.8 below. Metrics are as detailedin Table 3.7,

Table 3.7: Flow variables and descriptions of what they represent

Flow Variable Description

Mean Daily - Annually-averaged mean daily flow

Q10 - Annually-averaged 90* percentile of flow
Q25 - Annually-averaged 75" percentile of flow
Q95 - Annually-averaged 5% percentile of flow
STDEV - Annually-averaged standard deviation of flow
MINYR - Mean annual flow minima

MAXYR - Mean annual flow maxima

RNGYR - Mean annual flow range

LowFreq - Mean annual low flow event frequency
LowDura - Mean annual low flow event duration
HighFreq - Mean annual high flow event frequency
HighDura - Mean annual high flow event duration
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Table 3.8: All study sites with their associated hydrological variables.

Mean
Daily Q10 Q25 Q95 MINYR MAXYR RNGYR
Site Name (m3/sec) (m3/sec) (m3/sec) (m3/sec) STDEV  (m3/sec) (m3/sec) (m3/sec) LowFreq LowDura HighFreq HighDura
Blackfoss Beck 0.45 0.858 0.403 0.040 1.065 0.042 8.431 8.389 6.628 13.260 7.116 2.398
Colne 1.44 3.177 1.537 0.329 1.995 0.291 17.312 17.022 17.030 5.703 13.340 2.389
Crimple Blackstones 1.06 1.950 0.905 0.150 3.446 0.132 36.588 36.456 13.470 6.806 6.765 1.435
Dearne 1.36 2.860 1.410 0.273 2.165 0.258 18.937 18.679 11.510 8.001 10.540 2.520
Eastburn Beck 0.88 2.180 0.962 0.076 1.464 0.072 12.714 12.642 9.379 11.380 16.100 2.015
Foulness 1.28 3.117 0.772 0.049 3.081 0.045 18.183 18.138 5.000 19.810 6.824 3.675
Ryburn 0.61 1.249 0.556 0.201 0.877 0.190 7.833 7.643 9.306 9.208 9.222 3.167
Skell 1.51 3.703 1.795 0.149 2.295 0.132 18.010 17.878 6.677 13.060 12.770 2.679
Spen Beck 0.74 1.216 0.652 0.103 0.752 0.181 6.734 6.553 12.260 7.646 7.343 1.845
Went 0.57 1.005 0.567 0.162 0.842 0.165 7.224 7.059 10.430 8.297 7.757 2.868
Calder 1.007 2.570 0.979 0.045 1.380 0.057 12.103 12.046 10.600 4.320 22.650 2.080
Church Beck 0.848 3.680 1.300 0.092 1.073 0.082 8.705 8.623 11.070 4.250 25.710 2.210
Crake 4214 9.010 5.860 0.630 3.458 0.530 19.839 19.309 5.350 12.140 8.070 7.810
Douglas Wigan 1.217 2.370 1.325 0.373 1.091 0.409 9.263 8.854 13.560 3.400 17.590 2.580
Eden 2.66 6.740 2.700 0.173 4.608 0.146 43.837 43.692 9.420 6.160 24.620 2.190
Eea 0.873 2.280 1.190 0.054 1.018 0.041 7.044 7.003 6.670 8.790 12.500 4.040
Heltondale 0.309 0.710 0.348 0.036 0.408 0.037 3.512 3.475 8.600 6.580 13.250 3.930
Pendle Water 2.825 6.830 2.910 0.464 3.958 0.435 38.119 37.684 12.640 4.550 22.140 2.460
Swindale Beck 1.201 3.150 1.320 0.076 1.938 0.066 15.189 15.123 13.610 4.080 30.720 1.890
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PCA demonstrated redundancy between the flow variables; variables within close proximity, or with
opposingvectors, are related orinverselyrelated respectively. Vectors that are perpendicular have no
discernible relationship. Thus, variables could generally be categorised into the two groups of
“Magnitude” and “Temporal” as demonstrated belowin Figure 3.2, with Mean Annual Magnitude
generally having strong positive correlation between other non-temporal variables within the group,
and weak relationships with other temporal variables. The Temporal category generally displayed
positive correlation between variables of the same category (frequency or duration of event), and
negative correlation between these two categories. The Magnitude group comprised of variables
strongly driven by the overall flowmagnitude; flowrange, annual minima, annual maxima, Q10, Q25,
Q95 and standard deviation. The Temporal group comprised of variables associated with flow event
occurrence in time; low flow event frequency and duration, and high flow event frequency and
duration.
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Figure 3.2: PCA bi-plot demonstrating redundancy between flow variables

Followingthe redundancy analysis and identification of variable clustering, fitting of linear models was
performed for all possible non-redundant combinations of variables as describedin Section3.2.7. The
best-fitting model was chosen for each dependent ecological variable, both in spring and autumn,
based upon best (lowest) AIC value. Belowin Tables 3.9 to 3.14, relationships between hydrological
variables and ecologicalindicators are shown. Rsquaredand AIC were not calculatedfor combinations
of variablesthat were irrelevant due to high P values. Following this, Table 3.8 displays the best fitting
models for each ecological metric along with model coefficients.
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Table 3.9: Spring LIFE Score multivariate model fitting results

LIFE Scores - SPRING

Variablel  Variable2 P R? AIC
HighFreq None 0.056 0.161 40.256
HighFreq MINYR 0.1366 0.131 41.72
HighFreq Q25 0.138 0.13 41.743
HighFreq MeanMag 0.1628 0.11 42.141
HighFreq RNGYR 0.1697 0.105 42.241
HighFreq MAXYR 0.1699 0.1052 42.243
LowDura None 0.45 n/a n/a
LowDura Q25 0.5231 n/a n/a
LowDura MINYR 0.5235 n/a n/a
LowFreq None 0.55 n/a n/a
HighDura MINYR 0.5605 n/a n/a
HighDura None 0.6 n/a n/a
LowFreq Q25 0.6244 n/a n/a
LowDura MeanMag 0.636 n/a n/a
LowFreq RNGYR 0.6727 n/a n/a
LowFreq MAXYR 0.6766 n/a n/a
LowDura RNGYR 0.6808 n/a n/a
LowDura MAXYR 0.6848 n/a n/a
HighDura Q25 0.69 n/a n/a
HighDura RNGYR 0.7153 n/a n/a
HighDura MAXYR 0.7218 n/a n/a
LowFreq MeanMag 0.735 n/a n/a
LowFreq MINYR 0.7382 n/a n/a
HighDura MeanMag 0.822 n/a n/a
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Table 3.10: Autumn LIFE Score multivariate model fitting results

LIFE Score - AUTUMN

Variablel Variable2 P R? AIC
HighFreq None 0.0157 0.2561 34.872
LowDura None 0.0543 0.1539 37.317
HighFreq MINYR 0.0545 0.2181 36.666
HighFreq Q25 0.0552 0.2167 36.699
HighFreq RNGYR 0.0581 0.2117 36.82
HighFreq  MAXYR 0.0582 0.2116  36.823
HighFreq MeanMag  0.0593 0.2097 36.869
LowDura MINYR 0.1011 0.1552 38.135
LowDura Q25 0.1298 0.1284 38.729
LowDura RNGYR 0.1422 0.1184 38.946
LowDura MAXYR 0.1434 0.1175 38.965
LowDura MeanMag 0.1478 0.1141 39.038
HighDura Q25 0.6611 n/a n/a
LowFreq RNGYR 0.8038 n/a n/a
HighDura RNGYR 0.8039 n/a n/a
HighDura MAXYR 0.8087 n/a n/a
LowFreq MAXYR 0.8088 n/a n/a
LowFreq Q25 0.8132 n/a n/a
LowFreq MINYR 0.8468 n/a n/a
HighDura MINYR 0.8698 n/a n/a
HighDura MeanMag  0.8727 n/a n/a
LowFreq None 0.8966 n/a n/a
HighDura None 0.9093 n/a n/a
LowFreq MeanMag  0.9224 n/a n/a
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Table 3.11: Spring Velocity Trait Score multivariate model fitting results

Velocity Trait Score —SPRING

Variablel Variable 2 P R? AIC
HighFreq None 0.0376 0.1959 49.79
HighFreq Q25 0.055 0.2302  49.847
LowDura Q25 0.0666 0.2103 50.307
LowDura None 0.0793 0.1287 51.237
HighFreq RNGYR 0.0802 0.1905 50.752
HighFreq  MAXYR 0.081 0.1893  50.778
HighFreq MeanMag 0.0937 0.1735 51.126
HighDura None 0.094 0.11 51.573
HighFreq MINYR 0.1041 0.1618 51.378
LowDura MeanMag 0.1187 0.147 51.693
LowDura RNGYR 0.197 n/a n/a
LowDura MAXYR 0.197 n/a n/a
LowDura MINYR 0.225 n/a n/a
HighDura Q25 0.2314 n/a n/a
HighDura MINYR 0.252 n/a n/a
HighDura MeanMag 0.2573 n/a n/a
HighDura RNGYR 0.259 n/a n/a
HighDura MAXYR 0.259 n/a n/a
LowFreq Q25 0.3697 n/a n/a
LowFreq MeanMag 0.6084 n/a n/a
LowFreq None 0.77 n/a n/a
LowFreq MINYR 0.827 n/a n/a
LowFreq RNGYR 0.934 n/a n/a

LowFreq MAXYR 0.936 n/a n/a




Table 3.12: Autumn Velocity Trait Score multivariate model fitting results

Velocity Trait Score - AUTUMN

Variablel Variable2 P R? AIC
HighFreq None 0.01335 0.269 69.421
HighFreq Q25 0.03 0.2742  70.135
LowDura None 0.0352 0.1906 71.357
HighFreq  RNGYR 0.0467 02329 71.186
HighFreq MAXYR 0.0468 0.2328 71.188
LowDura Q25 0.046 0.2345 71.146
HighFreq MeanMag 0.0458 0.2349 71.136
HighFreq MINYR 0.0515 0.2235 71.417
LowDura MeanMag 0.0752 0.1859 72.314
LowDura MINYR 0.0981 0.1584 72.947
LowDura MAXYR 0.1165 0.1401 73.354
LowDura RNGYR 0.1165 0.1401 73.355
HighDura None 0.3449 n/a n/a
HighDura Q25 0.4644 n/a n/a
HighDura MINYR 0.496 n/a n/a
LowFreq Q25 0.509 n/a n/a
HighDura RNGYR 0.527 n/a n/a
HighDura MAXYR 0.5277 n/a n/a
HighDura MeanMag 0.5445 n/a n/a
LowFreq MeanMag  0.75 n/a n/a
LowFreq None 0.8729 n/a n/a
LowFreq MAXYR 0.9712 n/a n/a
LowFreq RNGYR 0.9713 n/a n/a
LowFreq MINYR 0.984 n/a n/a
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Table 3.13: Spring Biodiversity multivariate model fitting results

Biodiversity - SPRING

Variablel Variable2 P R? AIC
LowFreq None 0.0132 0.301 12.518
LowFreq RNGYR 0.0278 0.3148 13.005
LowFreq MAXYR 0.0281 0.3139 13.028
LowFreq MINYR 0.0394 0.28 13.849
LowFreq Q25 0.0426 0.2719 14.039
LowFreq MeanMag 0.0472 0.2611 14.289
LowDura MINYR 0.14 n/a n/a
HighFreq MINYR 0.14 n/a n/a
HighDura MINYR 0.14 n/a n/a
LowDura None 0.2016 n/a n/a
LowDura RNGYR 0.3757 n/a n/a
LowDura MAXYR 0.38 n/a n/a
LowDura Q25 0.42 n/a n/a
LowDura MeanMag  0.4515 n/a n/a
HighDura None 0.4613 n/a n/a
HighDura RNGYR 0.55 n/a n/a
HighDura MAXYR 0.5636 n/a n/a
HighDura Q25 0.76 n/a n/a
HighDura MeanMag 0.77 n/a n/a
HighFreq MAXYR 0.92 n/a n/a
HighFreq RNGYR 0.92 n/a n/a
HighFreq None 0.9322 n/a n/a
HighFreq MeanMag 0.97 n/a n/a

HighFreq Q25 0.99 n/a n/a




Table 3.14: Autumn Biodiversity multivariate model fitting results

Biodiversity- AUTUMN

Variable 1 Variable2 P R? AIC
HighDura  None 0.18 n/a n/a
HighDura  RNGYR 0.29 n/a n/a
HighDura  MAXYR 0.29 n/a n/a
LowDura RNGYR 0.31 n/a n/a
LowDura MAXYR 0.32 n/a n/a
LowDura None 0.36 n/a n/a
HighDura Q25 0.39 n/a n/a
HighDura MeanMag 0.4 n/a n/a
HighDura  MINYR 0.42 n/a n/a
HighFreq  RNGYR 0.42 n/a n/a
LowFreq RNGYR 0.43 n/a n/a
LowFreq MAXYR 0.43 n/a n/a
LowDura MeanMag 0.6 n/a n/a
LowDura Q25 0.62 n/a n/a
LowDura MINYR 0.64 n/a n/a
HighFreq  None 0.65 n/a n/a
LowFreq None 0.7 n/a n/a
LowFreq Q25 0.78 n/a n/a
LowFreq MeanMag 0.79 n/a n/a
HighFreq  MAXYR 0.8 n/a n/a
HighFreq MeanMag 0.8 n/a n/a
HighFreq Q25 0.8 n/a n/a
HighFreq  MINYR 0.9 n/a n/a

LowFreq MINYR 0.92 n/a n/a




Table 3.15: Primary drivers and associated coefficients, identified for each ecological metric through

model fitting, with model values of P, R and AIC.

Ecological Identified primary Model values Coefficients
Variable driver(s)
Velocity High Flow Frequency P:0.03758 Intercept: 4.53049
Preference, R?:0.1959
Spring AIC:49.79 HighFreq: 0.06467
On 16 degrees of
freedom
Velocity High Flow Frequency P:0.01335 Intercept: 3.15375
Preference, R?:0.269
Autumn AIC: 69.421 HighFreq: 0.11896
On 17 degrees of
freedom
Biodiversity (H), Low Flow Frequency P:0.01322 Intercept: 2.65649
Spring R2:0.301
AIC: 12.518 LowFreq:-0.06898
On 15 degrees of
freedom
Biodiversity (H), No significant n/a n/a
Autumn relationships identified
(all Pvalues >0.15)
Family LIFE, High Flow Frequency P:0.056 Intercept: 6.61227
Spring R2:0.161
AIC: 40.256 HighFreq: 0.04513
On 16 degrees of
freedom
Family LIFE, High Flow Frequency P:0.01574 Intercept: 6.44555
Autumn R2:0.2561
AIC: 34.872 HighFreq: 0.06898

On 17 degrees of
freedom

It canbe seeninTable 3.15 thata number of statisticallysignificant relationships were identified, with
velocity trait score for both springand autumn having P values below 0.04. Biodiversity in spring had
a Pvalue below 0.02, though no significant relationship was identified in autumnwith all fit ted models
having P values over0.15. For LIFE, a statistically significant relationship was observed in autumn with
a P value below 0.02, and a possibly statistically significant relationship in autumn with a P value of
0.056.
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Identified best fitting models were plotted against observed datain orderto demonstrate how values
generated by the fitted model compare with field data, and to betterillustrate potential ecology-flow
relationships (Figure 3.3).
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Figure 3.3: Velocity trait score plotted against mean annual high flow frequency, spring
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Figure 3.4: Velocity trait score plotted against mean annual high flow frequency, autumn

Figures 3.3 and 3.4 display spring and autumn ecological response in terms of velocity trait scores
against mean annual high flow frequency, using the best fitted model from the multivariate analysis.
These show that velocity trait score tends to increase as high flow event frequency increases; this is
described furtheris Section 3.4.2.
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Figure 3.5: Family LIFE score plotted against mean annual high flow frequency, spring
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Figure 3.6: Family LIFE score plotted against mean annual high flow frequency, autumn
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Figures 3.5 and 3.6 display spring and autumn ecological response in terms of family LIFE scores
against mean annual high flow frequency, again using the best fitted model identified in the
multivariate analysis. This relationship is very similar to the velocity trait score, increasing as high flow
frequency increases. This is described further in Section 3.4.2.
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Figure 3.7: Shannon’s Diversity plotted against mean annual low flow frequency, spring

Finally, Figure 3.7 displays the spring ecological responsein terms of biodiversity using the best fitted
hydrological variable of mean annual low flow frequency. Biodiversity tends to decrease as the
frequency of low flow events increases. Section 3.4.2 describes this further and discusses possible
mechanics driving the relationships observed. No relationship was found between biodiversity and
hydrological variablesinthe autumnseason as can be seenin Table 3.14, again Section 3.4.2 discusses
possible reasons for this.

3.4 Discussion

This Chapteraimed to identify key flow characteristics influencing ecological response in the context
of riverimpoundment flow modification. The results of this study support the consensusin literature,
that deviation of flows from the natural regime are likely to lead to ecological changes in terms of
biodiversity and/or functional composition (Poff and Zimmerman, 2010), as has been described in
Section 2.2, due to the directand indirect effects of flow such as bed forces acting upon benthictaxa
and changes to connectivity within the river system (Shaw et al., 2016, Blanckaert et al., 2013).
Statistically significant relationships were observed for both functional composition and biodiversity
as seenin Section 3.3, with results described in Table 3.14. Relationships with P values below 0.05
were observed for all ecological variables except LIFE in spring, which had a P value of 0.056, and
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biodiversity in autumn, where no discernible relationships were found. In this section, the results,
implications, and limitations of this study are discussed.

3.4.1 Redundancy analysis

PCA demonstrated patterns of redundancy that were largely expected, and have also been identified
in previous studies (Oldenand Poff, 2003). “Magnitude” variables such as mean magnitude, Q95, Q10
and range tend to positively correlate; thisis anintuitive result, given thatalarger magnitude of river
will have a larger mean magnitude and along with this higher percentile magnitudes (such as Q95),
larger annual maxima, and generally higher annual minima. Magnitude variables are all primarily
controlled by the catchment drainage area, ground water releases, and typical regional precipitation
(Northwest River Forecast Center, 2006), assuming reservoir outflows are not dominating the entire
flow regime at the site; such variables within any given river therefore share the same climactic
drivers, hence high levels of redundancy between these variables.

The mean high and low flow event frequency variables strongly positively correlate and, conversely,
duration variables for high and low flow events have strong negative correlation with frequency
variables, whilst displaying strong positive correlation between one another. A likely cause of such
behaviouris site morphology; a river may primarily have impermeable local geology leading to rapid
surface runoffinto theriver system following rainfall events, withrelatively little groundwater storage.
Thiswould generate short-lasting but frequent high and low flow events. A river with permeable local
geologyislikely to have few, butlonger, high orlow flow events due to permeable local geology; the
long residence time of ground water fuelling flow event durations but being slow to respond to
precipitation events (Dunneetal., 1991, Cardenas and Jiang, 2010). Rivers often display one of these
two types of characteristics, and are described as eitherflashyor non-flashy respectively, based upon
the rapidity and magnitude of river response to precipitation events.

3.4.2 Multivariate linear regression analysis

3.4.2.1 Velocity preference trait and LIFE Scores

Results suggest that, within the region investigated, high flow event frequency has a significant
influence upon the functional composition of asystemin terms of velocity preference of species. The
levels of unexplained variation in the models suggest that external variables may also be playing a
significantrolein the functional compositionof species at these sites. Previous studies have discussed
the challenges presented by rivers as open systems and the degree of uncertainty often associated
with studies investigating specific variables (Konrad et al., 2011, Arthington et al., 2006), and
conclusive ecology-flow relationships have rarely been observed, partly due to such challenges and
partly due to the need for further methodological development (Gillespie et al., 2015b). Results
suggestingthat singularvariables amongso many interdependent drivers might explain between 20-
26% of total ecological variation are potentially an important new insight into the relationship
between flow and macroinvertebrate ecology. IHA variablesincluding the duration and frequency of
high and low flow events were found to strongly influence stream macroinvertebrates in a similar
study based on the ELOHA methodinthe U.S.A. using biological metrics primarily based on functional
group composition such as measuringthe percent of individuals adapted forfilter feeding (Buchanan
et al., 2013). Strong relationships were identified in Buchanan et al.’s study (2013) using Pearson’s
correlation between ecological metrics and IHA-derived flow variables. These similar findings suggest
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that macroinvertebrates in general may be responsive to flow variation such as the frequency and
duration of flow events, and this would highlight a significant problem with typical impoundment
modification given the tendency of impounded system flow regimes to reduce flow variation as
impoundment outflows are generally more homogeneous than natural flows (Poff et al., 2007). The
ELOHA method is briefly detailed in Section 2.7.

The indication that high flow eventfrequency remains the primary driver betweenspring and autumn
seasons, within both trait score and LIFE score variables, is suggestive of this flow characteristic being
a primary ecological driver in terms of functional composition in Northern England. The likely
mechanics causing this relationship can be deduced; preference for higher flow velocities increases
with high flow eventfrequency according to model coefficients. This means that the more frequently
high flows occur, the more resilient the general species population at a site becomes in terms of
functional composition. One couldask whetherthisis due to speciesadapted to high flows flourishing
in these environments, or whetherthisis due to less adapted species being unable to withstand the
higherflow forces and thus being flushed downstream (thushigh flow frequency acting as a biological
filter). The latter is more likely to be the primary driving mechanic due to high frequency of event
generally being associated with shorter event durations. A high frequency of flows means that high
flow adapted species are exposed to a more variable flow regime, and are also experiencing lower
flow conditions between flow peaks on a regular basis, and therefore are not constantly in a
favourable environment. Therefore such species would not be in an environment in which they can
take advantage of high flow conditions consistently. Washing out, however, is arapid process caused
by turbulentflow (Gabbud etal., 2019), and may act as a biological filter for species lacking resilience
to high flow forces (Blanckaert et al., 2013). Frequent high flow events, therefore, are likelyto enhance
this biological filter and force taxon composition to become more populated by fast-flow affinity taxa.
It has been proposed that it is not magnitude so much as the turbulence of flow that leads to
macroinvertebrate dislodgement, due to turbulent flow being a stress upon behavioural and
morphological adaptations (Blanckaert et al., 2013). High flow frequency, as opposed to flow
magnitude-based variable, being a key driver of functional composition, supports the claim that
frequent disturbance can have a significant impact upon benthic composition.

Higher R-squared and larger HighFreq coefficientsin autumn suggest that high flow event frequency
isa more influentialdriver duringthe autumn season, whilstinfluenceis lessenedin the spring period.
This could be due to taxa in spring generally being more resilient to high flows, which is evidencedin
the data as velocity traitscore is higherinthe spring period at 11 of the 18 comparable sites, withone
site having the same score in both seasons and 6 having higher trait scores in autumn, though not
significantly higher (>1.0). If the populationis already adapted to high flow conditions to some extent,
less ecological response might be expected as fewer taxa are being filtered by the mechanics discussed
previously in this Section. Seasonal changes within the riverine environment may influence these
differences in functional composition between seasons, or some variation may simply be due to life
histories of the native taxa.

The influence of high flow event frequency as an ecological driver may have significant implications
for water managers, particularly when applied tothe region of Northern England. A lack of high flow
events within amodified system may lead to alack of an important biological filter. This could lead to
systems being dominated by highly competitive generalist species, be they native or invasive, as
discussed by anumber of studies examining river deviation from natural flows (Summers et al., 2015,
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Lytle and Poff, 2004). Incorporating a moderate frequency of high flows events into environmental
flow regimes to mitigate the impacts of modification through impoundments may serve to balance a
system’s functional composition, and be one facet in ensuring a stable and diverse ecosystem.
Conversely, systems with an over-abundance of high flow events will lead to a system dominated by
rheophilic (fast flow) species resilient to disturbance events. Modified systems such as hydropower
may cause such effects; downstream ecosystems in these environments may benefit fromareduction
in high flow frequency, as is seen in a recent restorative study for a hydropower dam in ltaly
(Premstaller et al., 2017).

The robustness of quantified ecol ogy-flow relationships may be increased as studies integrate larger
quantities of datainto analyses and provide results that may be compared with one another. However,
an ongoing limitation for studies such as this is data availability; sites to be studie d must have high
quality available flow and ecological data (mean daily flows, annual spring and autumn
macroinvertebrate sampling), thatis temporally synchronised and in close proximity to one another.
The site mustalso be relatively free of external ecological pressures such as water quality issues, and
be within a particularrange of flow magnitudes relative to the scale of rivers beinginvestigated.Due
to this somewhat demanding criteria, difficulties may be encountered in obtaining a sufficient quantity
of sites across a region capable of facilitating robust statistical analysis. Thisis unfortunate as rivers,
being complex open systems, tend to display significant variation between sites (Konrad etal., 2011)
and therefore trends may be difficult to identify if observations are few. It may be the case that this
applies even more so to larger scale river systems where greater complexity might be expected due
to the wider range of potential influencing variables.

3.4.2.2 Biodiversity, H

Results suggest that low flow event frequency is significantin spring time in influencing site
biodiversity. In autumn, no significant relationships were detected. This may be due to varying
conditions between the two seasons; it has already been demonstrated that functional composition
differedsignificantly between the two seasons either due to life history or external drivers, and again
response to the flow modification may vary due to these differencesin composition between seasons.
Coefficients from the model suggest that more frequentlow flows lead to lower biodiversity. Itis not
surprisingthatlow flow frequency isidentified here as a significant ecological driver; four mechanics
by which low flows in general influence ecology have been investigated and their impacts are
discussed by Rolls etal. (2012); low flows control the extent of physical habitat, thus impacting biotic
composition, trophic structure and river carrying capacity. Low flows may also mediate change in
physical and chemical conditions, inturn driving distributionand recruitment trends in biota. Further,
low flows influence system productivity and bioticcomposition by altering the sources and exchange
of materials and energy within the ecosystem, and can also restrict connectivity and limit habitat
diversity (Rolls etal., 2012). Another study also suggested that low flows may influence oxygen levels
within the riverine system and therefore impacts biodiversity (Pardo and Garcia, 2016). Pardo and
Garcia (2016) observed a seasonal element to this impact, summer in their case, due to flow
modification varying between seasons at their study site.

In additionto these general impacts from low flows, the frequencyof low flow initselfis described by
Rolls et al. (2012) as a "key biological filter". With increasing low flow frequency, species of low
tolerance forsuch flows are wiped out, leaving more resilient species to dominate. Conversely, in the
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absence of low flows, low flow affinity species may be outcompetedby higher flow preferring species
(Rolls et al., 2012). Low flow events also have significant influence upon riverine physi cochemistry,
though this varies with site based upon other climaticvariables. Low flowshave been associated with
changesinrivertemperaturedue to the smalleramount of water beingheated (van Vlietetal., 2011).
They may also influence water quality in various ways; increased pollutant concentration due to lack
of dilution, (particularly problematicin agricultural catchments) or decreased concentrations due to
pollutants not being flushed into the river due to a lack of runoff (Caruso, 2002). Quantifying such
impacts are beyond the scope of thisinvestigation, but do provide some insights as to why low flow
frequency appearsto be a significant driver of ecological response. Where high flow event frequency
drives functional composition yet appears to be of little influence on species diversity, frequency of
low flows appears to have the opposite function; asignificantimpact on biodiversity, but seemingly a
lesserimpact upon functional composition.This could be due to low flow frequency not being a cause
of mortality specifically for fast-flow affinity species, provided that the events are not of prolonged
duration, in contrast to high flows rapidly washing out slow-flow affinity species. Instead, low flows,
as stated in literature, mediate chemical conditions and system productivity, and alter the physical
habitat (Rollsetal., 2012). This may lead to long-term impacts upon site conditions, in contrast to the
“immediate” impact of high flow disturbance, and thus the entire ecosystem isimpacted as opposed
to a particular functional group.

The influence of low flow event frequency, at least applied to the region of Northern England, could
have significant implications for water managers wishing to increase biodiversity within managed
systems. Whilstthe model makesclearthatahigh numberof low flow eventsis detrimental to system
biodiversity, the impact of very few events is less clear due to the small number of times within this
lower frequency range, and no sites falling below 4low flow events peryear. Due to the role played
by low flows within natural river systems, it would be expected —as stated in literature —that such
components would play a regulating role upon the ecosystem, preventing dominance by specialised
and highly competitive species (Poff et al., 1997, Richter et al., 1996). A fuller understanding of the
impact of an inordinately low frequency of low flow events upon biodiversity might be reached by
specifically targeting a significant number of sites with few low flows(<6/year). One might hypothesise
that an “optimal” regional frequency of low flows exists, below which biodiversity tends to fall as
particularly competitive species flourish, free of low flow regulation. The investigation of such a
hypothesis is beyond the scope and timeframe of this investigation, but could be a potential area of
furtherstudy. As noted regarding functional composition, this study and others attempting to ex pand
understanding onthe influence of flow characteristics upon biological metrics may be limited by the
availability of data in terms of sites that have sufficient data to be investigated.

I”

3.4.3 General discussion

Results in this Chapter have provided evidence that there are key flow categories that are strongly
associated with ecological response, and that significant predictive relationships can be found on a
regional scale. The questions initially proposed by Research Questions 1 and 2 asked how we can
assess sitesin a more generalised manner, and can we develop a better understanding of specific
ecology-flowrelationships. These questions have been answered in part, and have provided results of
scientificvalueboth to the following Chaptersinthis thesisand to the field asawhole.However, more
research will be required to fully resolve these questions, and this Chapter represents a foundation
fromwhich furtherinvestigationmight be prompted. This Chapter has suggested one meansby which
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ecology-flowinteractionsmay be betterunderstood, and has identifiedand quantified specificdrivers
for a particularregion and for particularindicator species, though there are inherent limitations with
the approach. A limiting factor of this investigation may be the somewhat narrow scope of variables
utilised; though this is advantageous in identifying significant flow characteristics, the use of
exclusively flow-related drivers likely fails to explain the majority of variation within the system, and
may fail to provide any significant relationships in some circumstances, such as in the case of
biodiversity in the autumn period for this study. Interactions between flow, ecology, physical and
chemical conditions exert influence upon taxon response (Summers et al., 2015), and this influence
may not be well explained or accounted for when these categories of drivers are not accounted for.
Bringing together such a complex web of interactions would bring its own challenges in terms of
uncertainty and model complexity, and at this stage in the field of ecohydraulics itis likely best to
begin with a narrow focus before attempting to derive ecological principles defined by
physiochemical-flow interactions. Yet, caution should be taken when deriving ecological responses
exclusively from hydrological characteristics; external variables such as river morphology and extent
of anthropogenic modification also play significant roles and should be considered in studies for
management and restoration purposes. Many factors contribute towards statistical variance in
ecological data, and therefore itshould be expected that statistical analyses generally explainonly a
portion of the overall variance between sites (Worrall et al., 2014).

Due to the limitations in any single approach, further research is required in order to gain an
exhaustive understanding of these topics. Results do however affirm the general assumption that the
magnitude, timing, durationand variability of flows influence biodiversity and functional composition
— though transferable evidence is still not as common as desired. It can be inferred from this
observation that highly modified flows, such as those observed withinimpounded systems, are liable
to fosteran ecosystem that diverges significantly from the waterbody's natural state. This conclusion
is similar to findings from other studies that have investigated the effects of increasing flow
modificationand regulation upondownstreamecosystems (Gillespie et al., 2015a, Haxton and Findlay,
2008, Nicholsetal., 2006). This Chapteralso affirms the suggestion of Chinnayakanahalli (2011), that
taxonrichness and functional composition respond differently to flow alternation, and using onlyone
of these metrics may fail to recognise significant changes within the ecosystem. A good example of
this observed within this investigation is the contrast between the functional composition variables
(traitand LIFE scores) in comparison to Shannon’s Diversity in the autumn period. Shifts in functional
composition relating to flow are identified in both seasons, but most strongly in the autumn period;
in contrast, a significant relationship between Shannon’s Diversity and flow is identified in spring but
not in autumn. If diversity alone had been the metric usedin this investigation, the strong influence
of high flow event frequency upon ecological response would not have been identified. This
investigation echoes the call of other recent studies, that a broader suite of ecological metrics are
required in order to fully evaluate changes within the ecosystem (Arthington et al., 2018, Poff et al,,
2017).

As far as | am aware, no other studies have demonstrated statistically significant, quantitative
hydrological response relationships for macroinvertebrates for this particular region and magnitude
class of river. Results from this study may be used for water management decisions across the North
of England, to supplement future studies in the region, or to draw comparisons between other river
classes. Itcould also be tested to what extent such relationships hold true beyond Northern England;
throughout England, or even throughout temperate climates in Europe. The exhortation in recent
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literature to standardise and present a greater body of transferable methods and results through
focused studiesis notyetshowingitself to be evident; the most recent studies on environmental flows
rarely focus on this drive towards general regional ecology-flow principles. Those thatdo are spread
across different fields such as hydropower or abstraction and are of limited transferability between
one another due to the significant differences in the nature of flow modification taking place. A
number of studies are site-specific, or have focuses very different to this investigation, such as flow
regulation impacts upon floodplain rivers (Hayes et al., 2018), riverine impacts during dam
construction (Santos et al., 2017) and fish trait analysis in the context of impoundment (Lima et al.,
2017). Other studies review recent progress in the field (Poff et al., 2017, Arthington et al., 2018).
Within such abroad fieldof research, there is aneed for more studies to orientate themselves towards
developing generalised flow-ecological relationships within a reservoir-impoundment context. Within
this context much potential for study exists, both for a variety of ecological indicators (e.g. fish,
macroinvertebrates and macrophytes), and fora variety of regions, environments, and river classes.

Results from this study offer potential for furtherresearch. Fromthe results, one can derive principles
for similar sites within this region, such as higher flow frequency generally leading to a functional
composition shift towards fast-flow preferring species. The breadth of possible application would be
an interesting potential research question; could derived principles apply across similar rivers
throughout England, or perhaps Western Europe and othertemperate regions? Animportant aspect
of investigationssuch as thisistheir ability to be compared, contrasted and testedwithothers through
meta-analyses, potentially enabling broader relationship principles to be identified. Thus far such
analyses have not metsuccessinthisregard (Poff and Zimmerman, 2010, Gillespieetal., 2015b), and
it istherefore necessary for furtherregional and class-based studies to be proliferatedfor the benefit
of general academicknowledge. Thisinvestigation is necessarily limited in its explanatoryscope to the
region of Northern England, for rivers of similar magnitude, due to itsfocus upon this particularclass
of river. As has been discussed, magnitude is a particularly strong ecological driver, impacting river
morphology, physicochemistry and native taxon composition (Monk et al., 2006), therefore
attemptingto apply principles across abroad range of magnitudes will likely prove difficult unless the
influence of magnitude can be identified and accounted for; an areainitself requiringfurther intensive
study.

3.5 Conclusions

This Chapter finds significant relationships between flow characteristics typically affected by flow
regime modification, particularly high and low flow event frequencies, and ecological responses.
These results are from sites within Northern England, comprising rivers with an average discharge of
1.34m3/sec, and a mean discharge range between 0.31-4.21m3/sec. The results offer potential
principles by which ecology-flow interactions may be better understood, specifically the tendency of
functional composition to shift towards faster-flow affinity species as high flow event frequency
increases, and the tendency forbiodiversity to decrease with as low flow event frequency increases.
Broaderapplication of the principles derived from my results would first require verification of these
results based upon a statistical analysis of ecology-flowresponse within anew region or class of river.

Statistical analysis is limited in its predictive ability; channel morphology plays an important role,
interacting with magnitudeand leading to adiverserange of hydraulics dependent upon the structure
of the river channel. Further investigation and developments in the field of ecohydraulic statistical
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analyses will help toimprovethe effectiveness of environmental flow planning to promote sustainable
in-stream habitat conditions. One must always keep in mind that solutions provided through such
methods are probabilistic in nature and thus a risk-based approach should be taken when drawing
conclusions fromthe data (Turnerand Stewardson, 2014). Results and implications from this Chapter
contribute towards Chapter 5, having highlighted that temporal flow characteristics are very likely to
have a significantimpact upon riverine ecological response. An outcome of thisis that the magnitude-
based predictions of ecological response used inChapter 5must be further supplemented by temporal
variation across the flow regime; the methodology for achieving this is discussed in Chapter 5. This
Chapter has thus worked towards meeting two key aims within this investigation; the first being to
better understand and attempt to quantify general ecology-flow relationships, the second being to
design an environmental flow regime at a particular case study site.
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4. DEVELOPING A HYDRO-ECOLOGICALLY LINKED MODEL TO
EVALUATE AND ADDRESS MACROINVERTEBRATE RESPONSE
TO FLOW MODIFICATION AT A CASE STUDY SITE”

*Flow designation throughthe approach described throughout Chapters 4 and 5, and the results generated (particularly inSection 5.3),are
of significant worth and represent a promising area for further research; a paper comprising a condensed version of Chapters 4 and5 has
been accepted and published by the journal Ecological Indicators, see Appendix 9.1.

4.1 Introduction

A primary goal of this thesis is to present a potential transferable methodology by which
impoundment-modified river systems may be assessed, and environmental flowsdesignated. Chapter
3 identified statistically significant relationships between flow characteristics and macroinvertebrate
functional compositionand biodiversity,however,thesefindings alone are not sufficient toinform an
environmental flow regime. A more detailed understanding of how flows affect river channel
hydraulics (andin turn impactlocal benthictaxa) both spatially and at a reach-wide scale, is required
in order to prescribe flow changes with a firm scientific basis. This Chapter contributes towards the
overall goal of flow designation through the development of a 2D hydraulic-ecological linkedmodel at
a chosen study site, capable of predicting habitat quality for chosen indicator species based on flow
inputs. The model’s capabilities are demonstrated by comparing model predictions with observed
species populations from field sampling. This feeds into model outputs, findings, and the
environmental flow regime design process described in Chapter 5. The methodology aims to be
transferable in the context of similar systems, addressing the challenge of site-wide flow regime
designation through anovel combination of habitat quality prediction (based on 2D ecological model
outputs), flow event timings, habitat diversity, and flow event heterogeneity, whilst also making
effortstoactivelyconserve water relative to current outflows. The methodology proposedtakes steps
towards ananswerforenvironmental flow designationand implementation; designedflows should in
principle provide significant benefit to the ecosystem (Richter et al., 1996), whilst also conserving
water resources; both highly desirable outcomes within our current economicand social clim ate. The
impoundment addressed, Holden Wood, and the study reach it sustains, Ogden Brook, were selected
to test this methodology, and are described in greater detail shortly.

This chapter aims to address the following research questions initially posed in Chapter 1:

Research Question 1. How can ecology-flow interactions be better understood in a more
transferable manner?

Research Question 3. How can localised hydraulic requirements of taxa be translated into an
ecologically beneficial flow regime?

Chapter 2 discussed the implications of flow modification causing systems to deviate from their
natural conditions, and the challenges associated with the mitigation of flow modification impacts.
While it may not be feasible to return flows to their natural regimes in most cases, an increasingly
popular approach has been that of ‘Designer Flows’, by which flow patterns are created to provide
desired benefits, within practical constraints (Chenand Olden, 2017), also discussedin Chapter 2. Such
an approach is followed in this Chapter and the subsequent Chapter, 5, for the development and
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implementation of an hydraulic-ecologicallylinkedmodel by which an environmental flowregime can
be designated. Macroinvertebrate species are utilised as ecological indicators, due to their relative
neglectinthe field when compared to taxa such as fish (Gillespie et al. 2015b), and the fact that they
are a more prolificindicator at the scale used. These taxa experience flow as localised forces as
opposedto overall magnitudes, timings, etc. This raises the question posedin Chapter 1; how can the
requirements of invertebrates on a micro scale translate into an overall compensation flow and its
inter-annual variation? Habitat quality models are an increasingly utilised approach in restorative
studies (Reiserand Hilgert, 2018, Schneideretal., 2016, Conallinetal., 2010), yet may not account for
life history requirements and temporal flow characteristics experienced by taxa such as the frequency
and duration of flow events. A broader suite ecological indices are required to achieve robust
environmental flow designs (Chinnayakanahalli et al., 2011, Arthington et al., 2018), and
methodological progressisrequiredinorderto determine theirimplementation; how are conflicting
flow needs to be resolved, and how does one judge whether or not a flow regime is “good”?

Competinginterest groupsandincreasing demands for water supply mean that environmental needs
are a contentious topic; water sent downstream for environmental purposes must be well-justified,
and the “cost-benefit” in terms of water committed to environmental flows must be acceptable in
order to maximise the volume of water retained for societal use (Harwood et al., 2018). The lack of
transferable ecology-flow principles can necessitate time- and cost-intensive site-specificinvestigation
(Anderson et al., 2017), and the impracticality of scaling up such an approach to larger or multiple
sites is readily apparent. One potential solution gaining favour is to use regional-based methods as
discussedin Section 2.6.3. However, eventheserelationships have proven difficult to extract from the
currentbody of literature, largely due to challenges associated with alack of standardised approaches
and difficulties in the synthesising current available data, as discussed in Section 2.5.

Conventional methods of developing environmental flows, such as the before/after control impact
approach (BACI), working under a flow naturalisation paradigm, are concerned with maintaining a
status quo within the river system by comparing an impacted site with a non-impacted control site
(Underwood, 1991). An example of this would be bringing the flow of a regulated river more in line
with the flow regime of a similar control site. Such an approach requires a valid control site that
corresponds well with the impactsite, both rivers displaying similar flow magnitudes, hydraulics and
geomorphology. However, such a site is not often readily available, making it difficult to determine
how the river would differ from its current state were it not regulated. Another drawback of BACI
methods is that it is impossible to predict the long-term response of taxa within the river system to
changes in flow, it can only bring an impact site “in line” with a theoretical ideal in which ecological
response is uncertain due to river complexity and potential external drivers. The naturalised “ideal”
may not be the most beneficial regime for the ecosystem. This means that BACI approaches would
likely require laborious and site-specific in-stream flow experimentation before an ongoing flow
regime isdetermined. Additionally, such ideals sought underthe paradigm of flow naturalisation are
often neitherfeasible northe optimal solutionina world where river modification for societal use is
the case fora majority of river systems; the designer paradigm (discussed in Chapter 2) focused upon
maximising benefits (such as desirable species), and mitigating anthropogenicimpact, is increasingly
preferred (Acreman et al., 2014).

This thesis proposes predictive modelling as a viable alternative to the site-limited BACI approach,
resource-intensive BBM approach, and typical current “rule of thumb” (Arthington et al., 2006) flow
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solutions such as percentile flow thresholds. The approach proposed involves using models to design
optimised flow provision both for both environmental and societal needs. The CASiMiR ecological
model will be used as a tool for the development of environmental flows at a case study site. The
individual merits of CASiMiR will be discussed later, and the general merits of modelling discussed
first. Computer modelling of a system allows for environmental flows to be developed and system
response predicted without the need for a suitable reference site (which often are not available) or
the use of flow experiments (which are costly, labour intensive and require long-term assessment).
One of the primary aims of this project was to provide a water utility company with a potential
methodology to establish environmental flow regimes, with accompanying recommendations. As the
time and resources required to perform flow experiments within physical catchment systems is
intensive and therefore generally unfeasible fornumerous smallerscale sites, an alternative method
is proposed which may be transferable across such sites. Flow modelling of a case study site enabled
simulated flow manipulations and predicted responses to be evaluated, providing insights into site
responsesto changing flowregime and enabling rapidoutputs and greater control when comparedto
in-stream flow experimentation. A simulation model allows for a high degree of control over the
variables within asystem, allowing singular variables to be selectivelymanipulated and the outcomes
observed. Thusanumber of flow requirementscan be identified and individuallyaltered with the aim
of eliciting the best ecological response within the model. Subsequent ecological response to flow
regimes over, for instance, a year, can then be outputted in short order in the form of habitat
suitability maps, calculated by changes in local hydraulics across the modelled reach — a significant
advantage in contrast to the long-term approach requiredin field monitoring of ecological response.

A significant output from this task was the end-product model, results, and associated framework.
With guidance as to how it may be adapted to other sites, it might see application at other United
Utilities sites in order to inform ecology/flow interactions; particularly the many small-scale sites
similar to Holden Wood present across the UK which could not all feasibly undergo real -time flow
experimentation and assessment. As mentioned, the end goal of the model was to produce
recommended flow regimes which optimally balance the potentially conflicting interests of societal
use and environmental flow provision.

4.2 Choice of study site

The Holden Wood impoundment and its associated water body, Ogden Brook, were selected froma
number of possible sites managed by United Utilities. The choice of sites was narrowed down due to
the presence of a consulting company, Cascade Consultants (here on referred to as “Cascade”),
working on a handful of sites during the course of this investigation (Cascade Consulting, 2016),
providing the opportunity for collaboration and data sharing. Three sites were visited with Cascade;
Holden Wood, Fernilee, and Etherow. Holden Wood was favoured both due to a lack of practical
constraints such as site access or complications poseddue to private land aroundthe site . Additionally,
Ogden Brook is a small scale site (fully detailed in Section 4.3) with flow regulated almost entirely by
its upstream impoundment, being within 100m of the impoundment outlet. In contrast, most previous
studies in the literature have focused upon the investigation of larger river systems; it is difficult to
isolate or control ecologically-influential factors at this scale (for example, tributary flow inputs). It
was believed that a small scale study site (approx. 40m) may present value by allowing the
development of a foundational approach towards environmental flow development that can later be
scaled and adapted to account for complexityin largersystems. The sitealso presented no significant
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external ecological pressures such as water quality issues, and little to no vegetation in the channel
which may act to influence ecological distribution and flow hydraulics, again aiding to isolate
ecologically-influential factors as much as possible.

4.3 Site description

The study site Ogden Brook (Figures 4.1a and 4.1b) is a stream system inthe North West of England,
directly downstream of the impounding reservoir Holden Wood, approximately 27.2km North of
Manchester, Northern England, and located near the village of Haslingden, OS grid reference
SD776220. The site was chosen due to data availability, lack of significant external pressures such as
wastewater inflows, the dominance of upstream reservoir compensation flows, and its appropriate
scale for the scope of the investigation. Historical background has been adapted from a consultancy
report provided by the regional water company, United Utilities (Phillips, 2016). Typical flow
conditions at the site remainin the range of Q=0.02-0.04 m3/s, with mostly shallow depths between
0.1-0.25m, though recorded depthsin pools reached as high as 0.8m. The reach underinvestigation is
approximately 40minlength, primarily chosen dueto the presence of adownstream tributary avoided
in this study so as to retain flow contribution solely from reservoir outflows. The study is thus
performed on a small scale; this fits the aims of this investigation, which focuses upon the response
of taxa at a micro-habitat level similar to studies such as LeCraw and Mackereth (2010) who utilised
study reaches of 10m to observe localised ecological responses, or other fish and macroinvertebrate
restoration studies utilising 100m reach scales (Pretty et al., 2003, Harrison et al., 2004).
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Figure 4.1a: The Holden Wood reservoir and Ogden Brook, OS Map produced using Digimap, developed by EDINA, original
map data from Ordinance Survey (GB) (Digimap Ordinance Survey Service, 2018)
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Figure 4.1b: A cross-section at the Ogden Brook site, pictured in November 2017

The water company United Utilities manages Holden Wood reservoirand releases into Ogden Brook,
the riverunderinvestigation. Ogden Brook runs alonga narrow band of woodlandsurrounded by light
urban development (Figure 4.2). The riverbed itselfis mostly gravel, with top-layer sediment ranging
from small pebbles (~1cm) to larger stones (up to ~10cm), with a few larger rocks (up to ~20cm)
scattered throughoutthe reach. A lowerlayer of finer sediment lies beneath the stones and cobbles.
The river channel has little to no vegetation.

Holden Wood Reservoir
and outlet into Ogden Brook

Swinnel Brook
tributary, flowing into
Ogden Brook

Ogden Brook (flowing along
treeline)

Figure 4.2: Satellite view of Holden Wood Reservoir and Ogden Brook

Presently, Holden Wood is required to release 3.46 megalitres per day (0.041m3/s) of flow during
times of the impoundmentbeingwithin 2 metres of its maximumwaterlevel, and 1.84 megalitres per
day (0.0215m3/s) when water depth is below this point. Prior to 2016, release requirements were
lower; within the range of 0.01-0.02 m3/s. Impoundmentreleases are the sole majorcontributionto
the studied reach of Ogden Brook, aside from small amounts of direct runoff insignificant relative to
overall flow. Mean daily flow data for outflows from Holden Wood between 2014 and 2017, and
inflows between 2010 and 2014 were provided by United Utilities, derived from cumulative inflow
and outflow metres read and recorded daily; an outflow meteron the spillway measures the volume
of spill events when these occur, and both outflow metres are added together for overall reservoir
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outflow. Macroinvertebrate single-point, three-minute kick sampling data from springand autumn of
2016 conducted by a local environmental consultancy within the analysis reach were also made
available; this was used to assess typical seasonality of native taxa.

United Utilities holds an abstraction licence 2569001165 which governs abstraction for public water
supply from Calf Hey, Ogden and Holden Wood reservoirsand also Musbury Brook. The licence allows
abstraction from Holden Wood Reservoir via surface mounted pumps, when needed, up to a
maximum of 7.160 MlI/d1 and 40,915 Ml/week. The site (figure4.2) was listed as a potential drought
source in 2008 but was later discounted, as the new compensation flow setin the impoundment
licence resulted in no spare water being available for abstraction from Holden Wood Reservair.
Section 4 of the Bury and District Joint Water Board 1928 required acompensation flowrelease from
Holden Wood Reservoir to the downstream Ogden Brook as provision for downstream mill owners.
The Act required a release of 6.66 cubic feet/secfor 10.5hrs every working day, exceptfor 7.5hrs on
Saturdays (thisequatesto 5.767 Ml/d), and afurther 2.478 cubicfeet/sec of water could be requested
by the mill owners, up to maximum release of 6.66 cubic feet/second. North West Water Authority
purchased the downstream mill and applied foralicence variation on 22 March 1991 to eliminatethe
requirement to release water from Holden Wood Reservoir. However, a voluntary flow release was
maintained for Ogden Brook.

Due to the need to undertake major structural improvements to the spillway at Holden Wood
Reservoir, United Utilities (UU) had to apply to the Environment Agency foranimpoundment licence.
This was issued on 3 February 2012. The impoundment licence set a compensation flow release
requirement of 0.58 Ml/d until 31 December 2016, increasing to 5.766 Ml/d from 1 January 2017
(equivalentto the original release rate required by the Bury and District Joint Water Board 1928).
However, Holden Wood Reservoir is unable to sustain a release of 5.776 Ml/d, as its reliable output
during a drought eventhas beenassessedto only be 1.94 Ml/d (Grontmij, 2013). Given that there is
no abstraction from Holden Wood Reservoir at this time, this assessment represents the volume of
waterthat could be reliablyreleased during the worst droughton record without the reservoir running
out of water. An assessment of the natural low flow at Holden Wood Reservoir was undertaken using
the Environment Agency’s Low Flows Enterprise software package which gave a Qn95 value of 3.54
Ml/d (Grontmij, 2013). Therefore United Utilities wished to complete a study to determine the impact
of differentflow releases on the downstream Ogden Brook, in particularthe brown trout population.
The aim of the study was to gather evidence to support an application to the Environment Agency,
before 1 January 2017, to reduce the compensation flow thatisrequired. The risk of releasing a flow
in excess of 1.94 Ml/d is that at times of drought, the reservoir could empty and run out of water,
resulting in very low or even no flow to the downstream river. As there is no abstraction from the
reservoir, its water level will only vary as water is released to the downstreamriver —the higherthe
compensation flow, the greater the extent and duration of any reservoir drawdowns. As a result of
this, the consultancy company Cascade suggested that a lower compensation flow will allow the
reservoirto spillmore frequently, providinga more variable flow regime in the downstream river. This
islargely true, though this willbe much more the case in seasons of higher precipitation andlesssoin
times of lower precipitation, anditis the opinion of this thesis that such a regime may not be suitable
in terms of environmental provision due to the reliance upon spills; such events are not predictable
and may not behave inthe same manner as natural flow within an unmodified system, and therefore
it may be difficult to justify this approach as a complete solution to the issues posed by flow
modification.
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As of the time of writing, Holden Wood is required torelease 41 L/s (0.041m3/s) of flow during times
of the reservoir being within 2 meters of the maximum depth limit, and 21.5 L/s (0.0215m3/s) when
reservoirdepthis below this point. These values were takenfrom one ofthe site engineers in February
2017. Field measurements are close to these values, with flow being measured at 0.028m3/s in the
observations of this investigation. The additional flow is likely due to runoff from a recent rainfall
event;though reservoir flows are dominant, runoff could make asmall contribution to flow when the
area has been significantly wetted. Background data was available and utilised in this study. Mean
daily flow data for outflows from Holden Wood between 2014 and 2017, and inflows between 2010
and 2014 were provided by United Utilities, derived from cumulativeinflow and outflowmeters read
and recorded daily. Macroinvertebrate single-point, three-minute kick sampling datafrom spring and
autumn of 2016 were also made available by the consultancy firm Cascade, used to verify primary
field data collected and to assess typical seasonality of native taxa.

4.4 Model description and rationale

As mentioned in section 4.1, a deeper understanding of the influence of channel hydraulics on river
benthos was required in order to translate the flow requirements of taxa into a flow regime with
defined flow magnitudes. Macroinvertebrates utilised in this thesis live on the channel bed, and
therefore experience flows as near-bed forces. Flow velocity is an appropriate surrogate for these
forces within typical systems (Lancaster and Hildrew, 1993). Therefore, the primary concept of model
development was to identify the flow preferences of selected indicator species, define these
preferences as flow velocities, and identify the flow magnitude inputs that result in good ecological
conditions to form a significant part of overall environmental flow regime designation.

4.4.1 Choice of model: 1, 2, or 3 Dimensions?

Predictive modelling can be performed using 1D, 2D or 3D systems. Each of these choices have
significant advantages and limitations. 1D modelling offers simplest approach of the three choices,
being much easier to develop, having significantly lower data requirements, and being easier to
calibrate. Additionally, 1D models are the least computationally demanding of the three options and
are thus able to feasibly model on largerscalesthan 2D or 3D, such as at catchment-level or regional
scales. This can be particularly useful when making assessments at a macro-level that do not require
in-stream information, such as flood modelling (Mashriqui et al., 2014) or the differing impacts of
morphology on flow overa region (Saleh etal., 2013). Examples of 1D hydraulicmodelsinclude HEC-
RAS 1D and SRH-1D; generally such models see use in floodmodellingand sediment transport, where
lateral spatial dynamics are less important, flood modelling mainly being concerned with channel
overflow, sediment transport mainly being concerned with volume and type of sediment taken up or
deposited (Mashriqui et al., 2014, Sabatine et al., 2015). However, at the scale this investigation is
working on a 1D model is less appropriate due to it providing far less information, such as how
hydraulics might vary laterally across the river channel. Section 4.2 described the choice of scale for
the studysite; a smallersite allows forthe desired ecological driver (i.e. flow velocity) to be isolated
without further complicationsbeingintroduced such as changing sediment, or flow inputs external to
the impoundment. In turn, level of detail required for the model was informed by site scale and the
requirements of the investigation. Information such as lateral flow velocity distribution is vital to this
investigation, as we wish to consider both spatial and whole-site ecological impacts of flow. The
advantage of large scale coverage in a 1D model was not relevant to the site used in this investigation,

61



whilst the level of detail provided by such a model was insufficient for the requirements of the
approach, and therefore 1D modelling was not utilised.

3D modelling stands in contrast to the 1D approach, in that it is the most complex of the three,
providing dataforx, y and zdimensions. Assuch, moredatais required, such as highly detailed channel
geometry and observations of in-stream turbulence; calibrationisintensive as there are more factors
that must conform to field observations. There is also significant computational demand for running
such models. These data, labour and computational requirements made 3D modelling a less ideal
choice. It has been claimedthat 3D models provide most robust predictions, and that the zdimension
can be an important aspect of ecological pressure and response (Pisaturo et al., 2017). However, in
the case of Pisaturo et al, the study was performed within a much larger river system of significant
depth, magnitude, and velocity. Discussionwith experts,and the successof studiesutilising 2D models
even in larger river systems (Jowett and Duncan, 2012) leads this thesis to propose that in smaller-
scale systems such as Holden Wood, the 2D modelling approach is more desirable and that in these
environments novital informationis overlooked by discounting the z dimension. An example of a 3D
model is Delft-3D; such models are commonly used relating to the transport and dispersion of
pollutants, nutrients, or saline water in environments wherethereis significant variationin the vertical
flow field, resulting in the material in question not being well-mixed throughout the entire water
column, or relating to dispersion at sea where depth cannot be discounted (Zhao et al., 2013), and
more commonly within industrial environments such as turbines in which 3D velocities are an
important factor (Gartner et al., 2016).

2D modelling lies between 1D and 3D approaches in terms of complexity, labour requirements, and
information output. 2D models require boundary inflow and outflow data and relatively high-
resolution bed geometry data. Calibration and verification involves assessing the spatial distribution
of model accuracy; flow velocity in the case of this investigation. 2D models provide the information
this investigationis primarily interested in; the spatial distribution of flow velocity both laterally and
longitudinally in the modelled reach, and this in turn can be used to predict spatial habitat quality
distributions, using the assumption that depth-averaged velocity has a close relationship with near-
bedvelocityinrivers of this type. Thisassumptiongenerally holdstrue in typical river systems, though
the relationship can becomelessdefined with increasing bed complexity. Possible variation in velocity
with depth is demonstrated in Figure 4.3.
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Figure 4.3: Possible scenarios demonstrating variation of velocity throughout the depth of the water column within different
systems of varying morphologies,; hypothetical systems A (flume-like), B (typical natural system), and C (complex system).

Due to this a 3D model would be ideal were resources, data and computational power not limiting
factors, due to a 3D model’s ability to display flow velocities throughout the river depth, predict
possibly turbulence in flows, and thus reduce uncertainty. In contrast, a 1D model provides the least
detail of the three models, simply providing possible ecological response to flow with no spatial
component across the channel. Given resource limitations, current computational capacity, and the
fact that hydraulic assumptions are expected to hold true within the chosen study site, a 2D model
was seen as an appropriate choice and a good compromise between level of detail and overall
practicality. Choice of specific2D model, and why one particular model was chosen, is discussed
below.

4.4.2 The SRH 2D/SMS hydraulic model

The SRH-2D model with the SMS interface was chosen primarily for practical reasons. The CASiMiR
ecological model was selectedfirst,and has asmall selection hydraulicmodels already integrated with
the software. Thisinvestigation therefore had the choice of SRH-2D, River 2D, or a GIS-based module
as viable options. The GIS module required advanced knowledge of GIS and was not recommended
for unfamiliar users, whilst having no advantage over the other choices, so this option was avoided.
River 2D was initially selected asitis a free piece of software, but was discounted due to the fact that
it was not regularly updated, did not have significant support, and produced questionable results
whenthe model wasinitially tested, possibly due to compatibility issues with Windows 10. SRH-2D is
a licenced piece of software with a user interface facilitated by SMS; it is well supported and fully
compatible with the operating system used, and is a well acknowledged model in the field of
hydraulics (Lai, 2008, Zarrati et al., 2005), thus the selectionof this model was seen to be well justified.

The following describes the SRH 2D model as discussed by its distributor, AQUAVEO;

"SRH-2D is a hydraulic model developed by the U.S. Bureau of Reclamation that incorporates very
robust and stable numerical schemes with a seamless wetting-drying algorithm. The model uses a
flexible mesh that may contain arbitrarily shaped cells, both quadrilateral and triangular elements,
which promotes solution accuracy while minimizing computing demand. SRH-2D modelling
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applications include flows with in-stream structures, through bends, with perched rivers, with side
channeland agriculturalreturns, andwith braided channel systems. SRH-2D is well suited for modelling
local flow velocities, eddy patterns, flow recirculation, lateral velocity variation, and flow over banks
and levees."

A list of the major features of SRH-2D, below, has been taken from the SRH-2D Theory and User’s
Manual from the US Bureau of Reclamation (Lai, 2008):

“e 2D depth-averaged dynamic wave equations (the standard St. Venant equations) are solved with
the finite-volume numerical method;

e Steady state (with constant discharge) or unsteady flows (with a flow hydrograph) may be simulated;
e An implicit scheme is used for time integration to achieve solution robustness and efficiency;

e The modelmay make use of a quadrilateralmesh, a purely triangular mesh, or a combination of the
two. Cartesian or raster meshes may also be used. In most applications, a combination of quadrilateral
and triangular meshes is the best in terms of efficiency and accuracy;

e All flow regimes, i.e., subcritical, trans-critical, and supercritical flows, may be simulated
simultaneously without the need for special treatments;

® Robust and seamless wetting-drying algorithm; and

e Solved variables include water surface elevation, water depth, and depth averaged velocity. Output
variables include the above, plus Froude number, bed shear stress, critical sediment diameter, and
sediment transport capacity.”

SRH-2D is a 2D model, and is therefore of particular use when addressing problems that have
important 2-dimensional aspects (Lai, 2008). Within this thesis, | wished to explore the lateral and
longitudinal impact of flow input, particularly relating to its effects upon local flow velocities, thus
SRH-2D’s outputs are highly relevant to the problem presented.

SRH-2D has the following limitations:

e Only flow is modelled in the version utilised by this project. Mobile-bed sediment transport and
temperature and vegetationmodules are available but are beyondthe scope of this investigation (Lai,
2008);

¢ SRH-2D does not have its own userinterface. Users need to have access to other software for mesh
generation and result post-processing (Lai, 2008). This investigation uses SMS for thisrole, the Surface-
Water Modelling System, available from Aquaveo. SRH-2D is also compatible with other graphical
post-processing software such as ArcGIS and TECPLOT.

4.4.3 SRH-2D equations
Much of the following explanation is adapted from the SRH-2D handbook (Lai, 2008):

Most open channel flows are relatively shallow and the effect of vertical motionsis negligible for the
purposes of thisinvestigation. The generalthree-dimensional Navier-Stokes equations may therefore
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be vertically averaged to obtain a set of depth-averaged two-dimensional equations (Lai, 2008). This
leads to the following 2D St. Venant equations:
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In the above, t is time, x and y are horizontal Cartesian coordinates, h is water depth, U and V are
depth-averaged velocity components in x and y directions, respectively, e is excess rainfall rate, g is
gravitational acceleration, T,,, Ty, , and T,, are depth-averaged turbulent stresses, Dy, Dy, Dyx, D,y are
dispersionterms due todepthaveragingz = z, + h is water surface elevation, z, is bed elevation, pis
water density, and T, , Ty, are the bed shear stresses (Lai, 2008). Bed friction is calculated using the
Manning’s roughness equation as follows:
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Where nis the Manning’s roughness coefficient.

Turbulence stresses are based on the Boussinesq equations as:
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Where 9 is kinematicviscosity of water; 9 ;is turbulent eddy viscosity; and kis turbulent kineticenergy
(Lai, 2008).

A turbulence modelis used to compute the turbulent eddy viscosity. Two turbulence models may be
used (Rodi, 1993): the depth-averaged parabolic model and the two-equation k- model. With the
parabolic model, u; = C; Uh in which U« is the bed frictional velocity. The model constant C, ranges
from 0.3 to 1.0, and a default value of C; = 0.7 is used by SRH-2D; but its value may be changed by
alteringthe DIP.dat file within the software folder. Note that terms with k are droppedin equation
(5) (Lai, 2008).
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If k-e modelisused, turbulentviscosity is calculated with 9= C,k? / €. Two additional equations are
solved as follows:
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The following definitions and coefficients are used (Rodi, 1993):
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The terms P, and P, and are added in order to account for the generation of turbulent energy and
dissipation caused by to bed friction for the case of uniform flows (Lai, 2008).

The dispersion terms result from the process of depth-averaging, and may be important when
considering secondary flows (Flokstra, 1976). The effect of the secondary flow may be accounted for
indirectly; thisis achieved by increasing the coefficient of momentum exchangein the horizontal plane
(Mihn Duc et al., 1996). The Manning’s roughness coefficient must also be discussed when explaining
the model. In SRH-2D, the Manning’s coefficientis a local constant that may vary spatially depending
on bed type; the value is unaffected by flow (Lai, 2008).

4.4.4 The CASiMiR model

A number of ecological models types exist; the conventional hydraulic habitat model was chosen as
the expected change in hydraulics with respect to habitat is the extent of the scope of this
investigation and the primary context ofthe case studysite. Of the hydraulichabitat models, PHABSIM
is perhaps the most prolific, but has received criticism in recent years (Beecher, 2017) due to
limitations such as the model’s inability to utilise inputs other than depth, velocity, and substrate,
though others have refuted some these criticisms as misunderstandings or limitations inherent to
olderversions of the software (Reiser and Hilgert, 2018). Regardless, PHABSIM’s limited input options
do offera significantdrawback in comparison to newer models such as CASiMiRin terms of potential
application in more complex systems.

CASiIMIiR presents a number of features that made it an attractive model to utilise. In contrast to
PHABSIM, developed by the US Fish and Wildlife Service in the 1970s, CASiMiR is a relatively recent
habitat suitability model that provides a wide array of results outputs, from plan views of the river
system to graphical breakdowns of habitat suitability with flow. It has seen applicationin numerous
studies (Conallin et al., 2010, Schneider et al., 2016, Pisaturo et al., 2017), and integrates fuzzy logic
and “Fliesswasserstammrisch” (FST), both of which boast advantages over traditional habitat
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modelling approaches and are discussed shortly. Although these approaches were eventually
discarded in favour of the more traditional method of directly using flow velocity and associated
preference curves due to the context of the site and its size making thisan equally viable and simpler
option, the availability of these approaches within CASiMIR offers flexibility and transferability. Fuzzy
logicand the FST metricare effectivetoolsto address increasing complexity should the methods used
in this study be applied at a larger scale. Fuzzy logic and FST are further detailed in the CASiMiR
Handbook (Schneider et al., 2010). Previous studies have utilised CASiMiR without these advanced
features and have provided robust results using standard velocity data and velocity preferences
(Pisaturo et al., 2017). In addition to these capabilities, CASiMIiR, like PHABSIM, is also capable of
integrating additional variables such as substrate type, cover (e.g. branches in the river), and shade
(e.g.overhangingtrees), in additionto morphodynamic modelling which can play animportantrole in
habitat suitability but is not integrated into older models such as PHABSIM (Almeida and Rodriguez,
2009). Again, although the case study site does not require the application of these features, the use
of CASIMIiR enables this approach to operate in more complex contexts without disregarding
important ecological influences.

Much of the following explanation of the CASiMiR model is adapted from the thesis of Dr.-Inglanina
Kopecki; “Calculational Approach to FST-Hemispheres for Multiparametrical Benthos Habitat
Modelling.” (Kopecki, 2008), and other materials obtained through a CASiMiR training course given by
Dr.-Ing Matthias Schneiderin November 2016 (Schneider et al., 2010, Schneider et al., 2016).

The CASiMiRmodel is a computational approach to habitat quality prediction. It utilises simulation of
ariversystem’s hydraulics and geomorphology, along with ecological preferencesof selectedindicator
speciesinorderto provide the proportion of suitable habitat forinvestigated species, both in spatial
and temporal distributions (Schneider et al., 2010). An accurate hydraulic model is required before
CASiIMIR itself is utilised. This investigation uses SRH-2D as a hydraulic model; this software is
supported and can be directly imported into CASiMiR. Following the development of the hydraulic
model, species preference data can be inputtedinto CASiMiR. Other data such as substratum type can
be enteredintothe model, butthisis beyond the scope of this flow-ecological response investigation,
and it was recommended by the developers that we focus upon species velocity preferences.

Species preferences can be presented in a few formats. The most conventional form of input is
velocity, depth and substratum preference curves. These take the form of habitat suitability ratings
fromOto 1(0beingcompletely unsuitable, 1 being mostideal) plotted against a given parameter such
as velocity. Other parameters such as temperature may be added if these are found to be relevantto
the investigation (Kopecki, 2008). Figure 4.4, below, is an example of flow force preferences for two
species of benthos, one adapted to low velocities, the other to high.
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Figure 4.4 Examples of Flow Force Preference Curves, from Schneider et al., (2016). Axes represent flow force (x) vs habitat
suitability (y). “Flow force” represents bed shear stress, generally correlating closely with flow velocity.

Once the preferences are inputted, the model will calculate the habitat quality values across the
modelled areaforthe species provided. The simplest and most conservative method for doing this is
the product of the habitat parameters being simulated; habitat suitabilities will simply be multiplied
togetherand the final value is the habitat suitability (still from 0 to 1). For example, a pointfound to
be 0.7 suitability fordepth and 0.5 suitability forvelocity will give be calculated as 0.7 * 0.5=0.35 as
an overall habitat suitability. The other calculation method is the geometric mean of the parameters.
The suitability of the previous example would be v/0.7 * 0.5=0.59. As can be seen, this isa significantly
highervalue than the product method. However, atthe Holden Wood site, a low-magnitude stream,
parameters such as depth have anegligible influence on habitat suitability. Thisis why the developers
have recommended utilising the single variable of velocity preference for this investigation, greatly
reducing model complexity whilst introducing little additional uncertainty.

Another form of preference curve that can be used, and is primarily used by CASiMIiR developers, is
preference relating to FST values. FST values act as a surrogate for bed-level flow forcesin the river
system. Flow forces at bed-level relate well to habitat suitability due to the varying morphological and
behavioural adaptations of different species; some macroinvertebrates are capable of avoiding or
resisting strongor turbulent bed forces resulting from flows and flourishingin such an environment,
whereas species less adapted to such conditions are likely to be dislodged and washed downstream
(Blanckaert et al., 2013). Initially proposed by Statzner and Muller (1989) as a method to quickly
characterise flows in stream reaches, the value was originally determined through the use of “FST
hemispheres” in the field. Each hemisphere is given a number, higher numbers representing higher
density. Ahemisphereis placed upon aplate on the riverbed and increasingly dense hemispheres are
placed upon the plate until one the flow cannot move the given hemisphere. Thisis then the assigned
FST value forthisareaof the river bed. FSTs can replace velocity preferences as they have been found
to better represent flow forces at bed-level, and is the standard form of preference curve used by
CASiMiR developers, SJE (Statzner and Muller, 1989, Kopecki, 2008). However, this option is limited
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by the factthat FST preferences are laborious to obtain and current available preference curvesare is
limited in terms of species coverage; SJE possesses preferences for species generally found in
Germany, and FST preferences are not available for many of the species used in this investigation.
Velocity preferences remain a widely used metric within models such as PHABSIM, and as discussed
inSection4.4.1the depth-averaged flowvelocity generally relatesclosely to near-bedforcesin typical
river systems, and remainsa well-studied metric that has produced goodresults (Brooks and Haeusler,
2016, Jowett and Duncan, 2012).

The final method used to define habitat preferences involves the use of fuzzy logic. Fuzzy logicallows
a flexible and multivariate approach to habitat suitability prediction and is particularly useful in
environments where datais sparse (Kopecki, 2008). However, this method is likely more suitablewhen
considering multiple variables, as the main strength of fuzzy logic is its additional nuance due to the
fact that fuzzy logicis able to considerthe interactions between anumber of variables. Forinstance,
a fuzzy rule might state that beyond a certain depth, habitat is always unsuitable for a given spedes
regardless of other variables. Another may state that a particular combination of depth and velocity
is highly ideal as they may exclude a species’ primary competition. Such rules necessitate significant
ecological expertise, however. Whilst such an approach would be highly effective in larger rivers
where variables such as depth, vegetation and shade have much more influence, these vari ables play
less of a role at the investigated site and similarrivers of alow flow magnitude (average discharge of
>1m3/sec), and thus this research will focuson the univariate velocity preference curve approach, with
justification for this provided in the following section.

4.4.5 Chosen model inputs

In this investigation, river geometry and discharge will be inputted into the model along with the
ecological input of velocity preference curves, outlined in further detail in the next section. Other
potentially ecologically influential variables that could have been included include depth, sediment
type, and vegetation. It was decided that such variables would not be of significant benefit to the
accuracy of model predictions due to the relatively small size and simplicity of the Holden Wood site.
Depth across the study site was not found to exceed 80cm, and rarely exceeds 20cm under general
flow conditions. This ranges of depth observed in most river systems is rarely relevant to benthic
macroinvertebrates, with depth noteven being consideredin the STAR project trait analysis (Bisand
Usseglio-Polatera, 2004). The impact of depth for macroinvertebrates inriversisrarely consideredin
literature, with flow and thermal regime typically cited as key drivers (Poff et al., 1997, Poff and
Zimmerman, 2010, White et al., 2017), though depthis consideredinlakes where the range is much
greater, with observed differences at depths above 2m (Rieradevall etal., 1999). Fish are influenced
by depthin rivers much more significantly, due to the fact that they move within the body of water.
Shallow waters may inhibit mobility, or even isolate larger fish from the main river system, whilst
deeper waters may affect visibility and are more likely to be used by predators.

Sediment, though more significant to macroinvertebrate habitat, did not vary sufficiently at the site
to be considered; the bed is rocky across the entire modelled reach, and whilst various sizes of rock
are mixed, size distributions are approximately uniform across the bed. This is expected due to the
small scale of the site, the relatively large sedimentsize, and the lack of flow features that might
encourage significant micro-scale sediment disturbance or deposition. Due to the fact that sediment
does not change across the site, and the fact that thisinvestigationis principally concerned with flow
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regime influence on river hydraulics, it was decided that the model would most benefit from only
consideringtheone variable, flowvelocity, rather than implementing secondary variables that provide
little towards model outputs or the goals of this investigation.

In terms of vegetation, again the relative simplicity of the Holden Wood site isfavourable. Thereis no
vegetation present on the banks or within the water of the river. Whilst depth and sediment may be
discounted at many sites for similarinvestigations of this scale, it is expected that vegetation plays a
key role onthe ecosystem atany site whereitis present.Vegetation acts as a nutrient source for other
organisms, provides refugia, and alsohas asignificant influence upon channel hydraulics and sediment
processes (Curran and Hession, 2013). Because of this, we would recommend including vegetation as
an ecological variable at any modelled site in which significant bodies of vegetation occur.

The scale and simplicity of Holden Wood servesto allow us toisolate the variable of flow velocity, for
reasons described. This provides an opportunity to directly assess the influences of flow regime
change upon benthic macroinvertebrate habitat, without further complications brought about by
variables external to the scope of the investigation.

4.4.6 Model inputs and outputs in concept

The concept behind this modelling approach is to begin with flow conditions at the Holden Wood case
study site, that is, volume of flow passing through a section of the channel, along with channel
geometry, and ending with a metric of ecological condition, that being habitat quality for selected
indicator species.

Inorderto achieve this, channelgeometryis taken along with initial flow conditionsas flow inputs and
outputs (i.e. flow “in”, water level “out”). SRH-2D predicts how the inflows interact with river
geometry, generating spatial distributions of flow from which flow velocities may be taken across the
entire modelled reach. This distribution of velocities can be translated into habitat quality by using
macroinvertebrate flow velocity preference curves, derived from an ecological database as described
inSection4.5.2, inthe ecological model. Finally, these distributions of habitat quality can be computed
into a single-value metric of ecological condition fora given speciesata given flow magnitude input.
Thus, we start with a single value of flow (such as 0.1m3/sec), this is translated into velocity
distributions, which are then translated into spatial habitat quality distributions using the flow
preference curveinputs. These spatial preferences can thenbe translated into a single value of habitat
suitability for the entire reach; this stage of outputit performed in Chapter 5 and is described in
Section 5.2.3.
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4.5 Methods

An ecological model was constructed using the CASiMiR model (Schneider et al., 2010) to develop an
understanding of the macroinvertebrate response (habitat quality) to flow at the site. This required
the development of a hydraulic model of the site in order to understand the velocity regime. River
geometry, velocity and ecological data was gathered formodel development, calibration and testing.
Once calibrated, habitat predictions were utilised and supplemented by an integrated consideration
of taxon requirements (habitat quality metrics and anticipated responses to temporal flow
characteristics) in order to design potential environmental flows for the Holden Wood site. In this
Chapter, the design, calibration, and application stages of model development are described and
discussed, with model outcomes described in Chapter 5.

4.5.1 Model development: SRH-2D hydraulic model

The SRH-2D (Sedimentation and River Hydraulics) modelling package was used to develop an
understanding of the hydraulic complexity of the study reach. SRH-2D is based on the numerical
solution of the two dimensional depth averaged St. Venant equations, providing calculationsof depth
and velocity at each computational cell based on model boundary conditions, reach topography and
bed roughness (Lai, 2008). SRH-2D has recently seen widespread use in the field of river restoration
and eco-hydraulics (Erwin et al., 2017, Stone et al., 2017, Lane et al., 2018).

Bed elevations at the study site were obtained using a Total Station surveyor (Leica Geosystems,
2009). Bed elevations were taken using a scatter-based method, taking elevation readings that
adapted in resolution according to bed complexity. A total of 2069 geometry data points were
collected over the reach. Bed elevations were uploaded into the SRH-2D model using the SMS
interface (Aquaveo LLC, 2013) and a fine mesh was generated with cell sizes approximately 30x30cm.
In particularly complexrivers, meshes as fineas 10x10cm have been utilised (Langeetal., 2015). Most
ecological studiesusing SRH-2D have used 30x30cm mesh sizes for detailed sections, with typical mesh
sizes of around 250x250cm or higherinlargerrivers (Bandrowskietal., 2014, Stone etal., 2017, Lane
et al., 2018).

Model calibration was performed using direct velocity measurements, utilising a Nortek Vectrino
AcousticDoppler Velocimeter (ADV), whichis typically expectedto provide velocityvalues accurate to
within 5% in field conditions (Dombroski and Crimaldi, 2007). The ADV probe was secured to an
adjustable surveying tripod, allowing for stable positioning at any point of measurement. The probe
was capable of taking simultaneous measurements of three orthogonal velocity components at a
frequency of 20Hz, providing temporally averaged velocity data as well as standard turbulent
statistics. An initial convergence test was conducted, ensuring that representative, reliable data was
possible ateach point. Asampling period of 60s was used, due to little hydrauliccomplexity at the site
and due to readings typically stabilising within 30s of deployment. For each measurement, the probe
was orientated as such to obtain primary (x) velocity in the main channel direction (with the y
dimension normal to the river bank). Raw ADV data were processed in WinADV 32 (Wahl, 2000), and
the phase space threshold de-spiking filter was applied prior to data analysis (Goring and Nikora,
2002).

Eight cross-sections were measured along the reach, with flowsbeing takenat3to 5 points along each
cross-section depending on channel width. Measurements were taken at 0.6 of the depthtoobtaina
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depth-averaged reading (Hewlett, 1982). A total of 31 readings obtained in totalallowed for moderate
coverage along the entire reach at a high resolution relative to many studies; SRH-2D has been
successfully calibrated in larger rivers with significantly fewer observation points (Deslauriers and
Mahdi, 2018). At the time of measurement, flow into the riverwas measured as 0.024m3/sec, based
on impoundment outflow data provided by the site operator. This discharge is generally consistent
throughout the autumn season, unless the impoundmentis close to capacity, at which point flow
releases are elevated and spill events are possible.

Upstream and downstream boundary conditions were established based upon straight, stable areas
of flow within the studyreach. The upstream boundary condition was set as the inflow (0.024m 3/sec),
and the velocity was defined using SRH-2D’s Conveyancing approach in which flow direction is
assumedto be normal to the inlet boundary (Lai, 2018), and the velocity is uniformly distributed. The
downstream boundary condition was set as the measured water level (185.02m above sea level),
again assuming flow normal to the boundary. Manning’sroughness values wereinitially assigned with
appropriate ranges based upon literature values (Chow, 1959) based on substrate type at the site.

River geometry and flow at the time of measurements were loaded into SRH-2D and the predicted
steady velocities were compared with the observed temporally-averaged velocities. Manning's
roughness values for the river channel were calibrated based on established best practices (Van
Waveren et al., 1999) initially testing homogeneous roughness across the entire reach, and later
adjusting small areas where observed changes in substrate led to discrepancies in velocity. Final
calibration saw the majority of the river assigned a Manning’s value of 0.05, whilst patches of the
riverbed had roughnesses ranging from 0.04 to 0.07. These values are appropriate for streams with
generally little vegetation, steep banks, trees and scrub at the banks, and cobbles and large stones
within the channel (Chow 1959).

4.5.2 Model development: CASiMIiR

The CASiMiR model frameworkis modularand integrates hydraulicand structural parameters froma
hydraulic model for the calculation of habitat suitability for indicator organisms. Aquatic habitat
suitability in this study is derived by the use of univariate flow velocity preference curves, and thisis
later calibrated through species population distributions observed inthe field (Schneideretal., 2016).
Preference curves were based on flow velocity affinities found in the STAR Project, a large -scale
investigation supported by the European Commissionin order to resolve challengesposed by the
Water Framework Directive, using the study “Deliverable N2” (Bis and Usseglio-Polatera, 2004).. This
study involved the aggregation of macroinvertebrate traits into one of the largest species trait
databases available (Bis and Usseglio-Polatera, 2004). In the STAR project, velocity preferences are
described in the range of Null (Ocm/s); Low (>0-25cm/s); Medium (>25-50cm/s) and High (>50cm/s)
based upon flow affinity, i.e. how well a species is adapted to particular flow conditions. Affinities
range from O (lowest) to 3 (highest). These affinities were interpreted into Habitat Suitability Index
(HSI) valuesranging from0.00 (lowest possible affinity) to 1.00 (highest possible affinity). In this study,
flow velocity was selected as the sole parameter for driving ecological response. Depth and
substratum are also used as key parameters in larger river systems, but at the scale investigated at
this study site substratum can be assumed to be homogeneous, and changes in depth are not
significant in terms of macroinvertebrate sensitivity.
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CASIMIR can be calibrated through small adjustments to preference curve inputs (Schneider et al.,
2010), due to possible variationsin biological behaviour from site to site caused by external drivers.
Thiswas not necessary for this study due to species behavingin accordance to established preference
values; asdemonstratedin Section 4.6, and discussed in Section 4.7, predicted species behaviour fell
within reasonable expectations. The model was tested by comparing observed species sample
populations, taken using the standard 3-minute kick sample method (Murray-Bligh, 1999) in
November 2017 at a flow rate of 0.024m?3/sec. 15 measurements were taken using single-point kick
sampling from a range of microhabitats distributed across the reach, as displayed in Figure 4.5.

Total length: 3983 m

Figure 4.5: 15 Kick sample locations across the study reach, Ogden Brook, represented by points on the reach map.

Habitat predictions based upon the same flow rate. Such testing under a single flow condition was
deemedreasonablyjustifieddue to the minimal variation of flow at the site,and the fact that samples
demonstrated similar species composition proportions to those observed in 2016 sampling data
provided by the consultants (described in section 3.2). Three species, Gammarus pulex, Polycentropus
flavomaculatus, and Hydropsychessiltalai, were chosen for modeltesting based upon their occurrence
at most sample sites, and theirrange of flow preferences. Agreement between model predictionsin
the form of HSI, and observations in terms of species sample populations at the same point, was
assessed.

4.6 Results

4.6.1 Hydraulic model calibration

Below in Figure 4.6 model predictions are shown in terms of primary velocity vectors.
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Figure 4.6: SRH-2D hydraulic predictions, post-calibration, showing primary velocity in m/sec for an inflow of 0.024m3/sec

Model predictions of steady primary depth-averaged velocity were tested by comparison with field
point-observations as shown in Figure 4.7. It can be seen that there is broadly good agreement
between predictions and observed values. Anomalous readings tend to be at the highest ranges of
velocity. Given that these results are not clustered around a particular area of the river, these high-
velocity anomalies may be caused by sudden, localised changesinbed geometry, either not accounted
for at the mesh scale used, or not detected during bed geometry measurements, such areas of faster
flow (>5cm/s) may be highly localised and difficult to account for; for instance above a large rock
causing a small shallow area of increased velocity, or a cleft between stones through which flow is
funnelled. The mosterroneous point, 3c, had been noted during field velocity measurement to be an
area of particularly fast and complex local flow due to the presence of nearby rocks. There is also a
possibility that errors arise from measurementinaccuracies inherent to characterisationof the depth-

averaged velocity at a single depth.
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Figure 4.7: Post-calibration SRH-2D model predictions vs observed field primary depth-averaged velocities

4.6.2 CASiMIR ecological model verification

Table 4.1 and Figure 4.8 below shows observed populations of threeindicator species, compared with
CASiMiR outputs of predicted HSI. Figure 6 demonstrates the features that were e xpected of the HSI
predictions; particularly poor areas never accommodate significant numbers of a particular spedes,
whilst population numbers between moderate and good are often somewhat stochastic. Peak
populations appear to be associated with a HSI of at least moderate quality, and also of significant
area. Small patches of good HSI, whilst having significant populations, do not tend to host peak
populations. This may be due to a lack of habitat permanence or simply the somewhat stochastic
nature of ecological distributions. Reasons for this manner of distributionare discussed in detail in the
Discussion section.
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Table 4.1: Observed macroinvertebrate populations compared with predicted habitat quality.

Gammarus pulex Hydropsyche siltalai Polycentropus
flavomaculatus
Sample Observed HSI Observed HSI Observed HSI
1 9 0.22 3 0.13 10 0.53
2 16 0.33 11 0.34 22 0.64
3 7 0.25 2 0.23 2 0.59
4 2 0.22 0 0.10 2 0.50
5 29 0.34 8 0.28 9 0.62
6 27 0.40 12 0.44 17 0.70
7 67 0.37 31 0.45 25 0.65
8 10 0.33 13 0.35 5 0.62
9 11 0.28 0 0.12 10 0.63
10 28 0.37 7 0.21 7 0.60
11 0 0.35 136 0.45 5 0.64
12 18 0.35 7 0.19 15 0.61
13 18 0.32 4 0.16 8 0.57
14 57 0.41 57 0.50 6 0.63
15 22 0.40 14 0.47 9 0.67
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Figure 4.8: CASiMIR verification, comparing the HSI and observed sample populations of 3 macroinvertebrate species at the
Holden Wood site

It can be seen that predicted HSI and observed species populations are in good general agreement.
Correlation coefficients forthe relationships in Figure 4.8 are 0.623, 0.577, and 0.488 for Gammarus
pulex, Hydropsychesiltalai, and Polycentropus flavomaculatus respectively. Thisis good evidence for
the utility of the model predictions. The clear correlation is strong evidence for the reliability of model
predictions, particularly due to the often stochastic nature of macroinvertebrate distributions due to
external drivers and species tendency to cluster together in certain areas whilst sparsely populating
others. Overall, predicted HSland observed species populations are in good general agreement. The
clearcorrelationis strongevidenceforthe robustness of model predictions, particularlydue to strong
relationships being observed in spite of potential confounding factors that have beenmentioned, and
are detailed in the Discussion.
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4.7 Discussion

4.7.1 Hydraulic Model

The hydraulic model demonstrates the flow patterns present at Holden Wood. Figure 4.9 below
demonstrates that flow is relatively simple at the site, with primary velocity vectors generally going
downstream, with some exceptions at the river banks. This shows that there are few, if any, complex
flow features such as vortices present in the modelled section of river. This gives justification to the
assumption that depth-averaged velocities at the site can be treated as surrogates to near-bed flow
due to an anticipated lack of vertical flow complexity, and affirms the use of a 2D model. These flows
were anticipated, due to the shallow gradient and relative flatness of much of the river bed.

0.00m/sec 0.065mfsec

Figure 4.9: Primary velocity vector predictions in SRH-2D at the Holden Wood site, at a flow of 0.024m3/sec (typical site
conditions)

As demonstratedin Figure 4.10, there is little change in the pattern of flow within the general ranges
expected at HoldenWood (0.02—0.1 m3/s), otherthan significantly higher flow velocitiesand changes
to behaviour at the river banks.
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Figure 4.10: Primary velocity vector predictions in SRH-2D at the Holden Wood site, at a flow of 0.1m3/sec (significantly above
typical site conditions)

Results from the hydraulicmodel predictions have been showninrelationtofieldobservations. In the
%-based reading, there are a significant number of seemingly deviant predictions. However, most of
these high % errors are found at points of very low flow, thus even small discrepanciesin velocity lead
to high % error. Most of the severe discrepancies are resolved when looking at model performance
through the perspective of deviation based upon cm/s. 71% of predictions fall within a 1cm/s margin
of error. Some discrepancies still exist, and this is likely due to the point-based nature of
measurements that were taken, and theirlimited number. Due to the significant time required to set
up the ADV probe at each point, only 31 points of measurement were taken, in comparison to the
2069 pointsfor geometry (which can be taken almostinstantly with the Total Station). Itis likely that
points where significant error is present fell within areas that differed significantly from the
surrounding conditions; this could be due to small-scale geometry fluctuations caused by the river
bed, such as submerged rocks causing the probe to be at a different elevation in relation to the
surroundingarea. Such error could have been somewhat mitigated through a higher resolution of flow
readings, and this study would suggest quicker (albeit less precise) methods of flow velodity
measurements in future studies, to allow for a much higher number of point flow readings. Higher
resolution geometry data would also mitigate this issue, though acquiring such data would be both
labour- and resource-intensive, and would require a higher resolution model mesh which would in
turn increase computational demand. This said, uncertainty is always a significant issue in flow
measurement, as hasbeennotedin the literature, especially in areas of particularly high or low flow
(Acreman et al., 2014), and thus some degree of uncertainty is expected.

The predicted data, when compared with observed data, follows velocities within the channel closely
fora majority of readings. However, the model has difficulty inmodellinglocalised high flows and very
low flows. This may be due to localised complexities at the river bed level, such as water being forced
through a narrow point between two elevated surfaceswhich were not detectedwhenassessing river
bed geometry. Despite using a Total Station surveyor, the resolution of the points (around 10cm) is
stillinsufficientto detectsignificant changesin elevation at a fine scale, e.g.a 5cm “gorge” between
two higher points. The resolution provided by the Total Station was limited by time and the battery
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power available for the equipment, and as mentioned mesh resolution is also limited by
computational demand. This source of uncertainty could be mitigated through a greater commitment
of time and resources; using a surveyor system with longer batterylifeand spending more days in the
field could allow forveryfinebed elevation datato be generated, though more time would also need
to be given to the computation of a finer scale model.

Additionally, a greater number of flow velocity data points would have resulted in a more robust
verification of the Holden Wood model. Data point collection waslimited by the time-consuming setup
and reading time of the ADV probe at each point. Future studies may wish to consider flow reading
methodsthat generate a greater quantity of data points, forexample through the use of a propeller-
type current meter. Whilst this may sacrifice some accuracy for the individual data points, asignificant
increase in overall datawould almost certainly be a worthwhile payoff due to the fact that a primary
concernfora hydraulicmodelutilised forthispurposeis avoiding serious miscalculations which would
generate misleading data. Thus, thorough coverage of flow velocities across the modelled reach
should be a priority for calibration purposesin modelling of this nature so that anomalous readings
(e.g. due to fine scale changes in bed geometry) do not obscure overall model reliability.

Overall, the hydraulicmodel performed wellwith afew exceptions. Adjustments to the methodology
in potential future work would be expected to generate an even more accurate model. With a
calibrated hydraulic model, it was then possible to begin work on the ecological model, CASiMiR.

4.7.2 CASIMIR

Asdemonstrated inthe Resultssection, quantified macroinvertebrate populations from sampling data
were compared to HSI predictions made through CASiMiR.There are likely to be anumber of sources
of error in the relationship between these. Due to the nature of HSI predictions (HSI expresses
probability of species being present, it does not predict abundance directly. We must assume that
areas of low habitat suitability for a given species would correspond to there being zero, or few
individuals of that species present, whilst the species wouldbe expected to be mostabundantin areas
of high habitat suitability. In addition, given that CASiMiR only models the influence of flow, other
drivers such as food availability, ecological interactions and temperature may also alter the
distribution of species (Ferreiro et al., 2011, Alba-Tercedor et al., 2017). For instance, while habitat
suitability may be ideal for a species at a given point, the species may be pushed out by a more
competitive species or a predator that also finds the habitat suitable. This leads to a somewhat
stochastic population distribution that cannot be accounted for within the scope of thisinvestigation.

Gammarus pulex displayed the strongest correlation between population and HSI, though this trend
plateaus at the upperlimit of population number, possibly due to the stochastic nature of population
distributions and external drivers such as biological interactions. Polycentropus flavomaculatus had
the weakesttrend between population numberand HSI, but retains aclear correlation. The weakness
in the trend is likely due to a lack of low HSI values for this species, which are prohibitive to
populations, as wellas the limited number of the specie present. Both of these factors pronounce the
stochastic nature of ecological distribution, whereas the presence of lower HSI’s would be expected
toleadtolow populationsinsuch areas, and the presence of higher populations might lead to col onies
that can only be sustained within areas of higher habitat quality.
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Some level of stochasticdistribution of species was expected, both due to the probabilistic nature of
HSI predictions, and due to external complexities not accounted for within the CASIMiR model. It is
thus especially noteworthy that CASiMiR HSI predictionsgenerally correspond to the trends in species
distribution; poor HSI always corresponds to low species population, whilst moderate to good HSI
typically hosts significant species populations, with some degree of stochastic distribution due to
complexities introduced by external variables, for example biological interaction, which may restrict
access of species to certain areas, or otherwise influence population distributions. Itis expected that
poor HSI should be restrictive to species populations due to it being an inhospitable environment
resultingin high mortality, thus low HSI should invariably be associatedwith low populationnumbers.
As HSI increases and the environment becomes more tolerable, species distribution becomes less
predictable due to species being capable of surviving, whilst being influenced by complex, interacting
variables.

When discussing HSI predictions, the assumptions and limitations inherent to this metric must be
considered. The use of HSI to establish the response of biota to flow change assumes that changesin
the habitat suitability metricare proportional to changesin the abundance of the target biota. Results
inSection4.6.2 give supportto thisassumption, thoughitis not at a 1:1 ratio, and nor does it remain
consistent (potentially for reasons describedabove). Other studiessuch as Kelly et al., 2014 found that
the weighted usable area (WUA) metric(describedin Section 5.2.3) which is derived from HSI values,
followed this trend, but also not in a clear 1:1 ratio.

Thereisalsothe assumptionthat the general preference curvesused as inputsfor the HSI calculations
(as opposedto site-specific preference curves) are transferable and valid within the systemin which
they are being utilised. In many cases, general preference curveshave proved to be successful (Tomsic
etal., 2007, Pisaturoetal., 2017), thoughin some cases such as Kelly et al. (2014), such general inputs
were found to lead to insensitive ecological metrics, and site-specificinputs were necessary. The
relationship observedbetween HSI and species abundances in Section 4.6.2is some evidence that the
river under investigation, Holden Wood, is suitable for generalised habitat preference inputs.
However, given that ecological sampling could not take place across arange of flow conditions, it must
be assumed that this wouldbe the case across typicalriver flow conditions. Should time and resources
be sufficient, ideally site-specifichabitat suitability inputs wouldbe preferable, but generalised inputs
are found to provide valid results.

In terms of limitations, inputs such as preference curves are utilised for the calculation of HSI, as
discussed in Section 4.5.2. Due to this, HSl in a given investigation is limited by whatever inputs are
provided for the metric’s calculation; this thesis utilised flow velocity alone (as discussed in Section
4.4.5), while larger or more complex systems may also utilise depth, substratum type, and perhaps
thermal preferences forindicatorspecies.As mentioned above, if non-site-specificinputsare utilised,
some degree of uncertainty may be introduced (Kelly et al., 2014); it would then followthat the more
variables are utilised to calculate HSI, the more uncertainty there may be. In such cases, a thorough
validation of HSI prior to its use in predictive modelling would be essential. Obtaining a number of
preference variables, and subsequently validating them, however, may prove to be laborious.
Conversely, should HSI be calculated through a small number of inputs (as in this thesis), the habitat
model is effectively “blind” to ecological influences that have not beenincluded. Again, itis therefore
importantto have good knowledge of the site in question and whetherassumptions about ecological
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influences present at the site are valid, and a validation of calculated HSIs and their relationship to
target biota abundances would help to provide confidence in the metric.

Macroinvertebrate sampling took place during the autumn season; practical constraints restricted
invertebrate sampling to a single season (autumn), but the use of autumn samples is given some
validity by Cascade consultancy data, and it can be stated with confidence that macroinvertebrate
samplestaken at this time are representative of the reach as a whole. Due to the lack of disturbance
events at the site, the highly regulated nature of flow, and the associated thermal regime being
relatively consistent due to the dominance of the reservoir releases, it is believed that
macroinvertebrate distributions are unlikely to be significantly altered seasonally, except with regard
to life cycle behaviour which can be accounted for using Cascade’s seasonal data, alongside further
information from the literature. Spring sampling data provided by Cascade provides insight into
species numbers present during this period. Most indicator species utilised in this investigation are
present in both seasons. From this, it is believed that the assumption that the samples used to test
the CASiMiR model are representative of the studied areais a valid one.

4.7.3 Model outputs

We have developed aframework by which a small-scale impounded river systemmay be investigated,
andthe influence of reservoirreleases assessed in termsof predicted ecological response based upon
changes to habitat quality across the modelled area, whilst also being mindful of the practical
constraints of the reservoir. Results have given support to the assumption that velocity-based habitat
quality is a significant driver of species population distributions, and thus our manipulations of HSI
with flow demonstrates the likely response of selected taxa. The use of the HSI metric has made it
possible to predict the likelyoutcome of flow modification for the habitat quality of selected indicator
species. Figure 4.11 demonstrates spatial HSI predictions for Gammarus pulex at two flow magnitudes,
0.024m3/sec and 0.10m3/sec, as an example of how CASiMiR outputs might be utilised. As described
by the results in Section 4.6.2, the species Gammarus pulex is sensitive to low flows, with low HSI
values across most of the reach duringtypical site flow conditions at 0.024m3/sec. It can be seen that
the species has a significant response in terms of HSI with significantly elevated flows at 0.10m?3/sec,
due to the species’ affinity for higher flows. Such outputs allow this investigation to work towards
optimising flows foran environmental flow regime. Chapter5 deals with the question as to how the
various outputs, and the requirements of different indicator species, come together in order to
achieve ecological benefit whilst addressing issues of water security and societal needs.
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Habitat Suitability Index for Gammarus pulex, at 0.024m%sec
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Figure 4.11: Predicted Habitat Suitability Index for Gammarus pulex across the study site in two flow conditions, generated
by CASiMiR

These initial results from model calibration and its associated implications lead into the next stage of
this investigation, detailed in Chapter 5, which is the development of efficient environmental flows
designedto optimise HSI both in terms of flow volume required and in terms of flow timings (time of
year, frequency, and duration). CASiMiR is limited in its capacity to model temporal dynamics, and
thus other approaches must be used to implement these factors into flow regime design.

4.8 Conclusions

This stage of the investigation has been concerned with developing and calibrating both a hydraulic
and an ecological model of a case study site, forthe purpose of predictively assessing the i mpacts of
flow regime upon the native macroinvertebrate ecosystem, with the purpose of optimising the ratio
of water spent to ecological provision provided, balancing the conflicting interests of environmental
needs and societal use. It has been demonstrated that the hydraulic model developed is capable of
predicting flowvelocities across the riverreach to an acceptable accuracy, though some discrepancies
existat more extreme high flows, with possible reasons discussed in Section 4.7. The ecological model
outputs were found to be in generally good agreement with field observations, giving confidence in
the capabilities of the model. However, this study has been met with a number of limitations, and
model accuracy and robustness couldcertainly beimproved uponin future work, allocatingmore time
and resources to take more measurements and create a finer-scale model, as has been discussed in
Section 4.7.
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Model testing could have beenevenmore robust through the processing of more ecological sampling
data; though it must be considered that ecological sampling and sorting is a significant time and
resource investment and this may limit the number of samples that can be taken. As stated in Section
4.7, the calibrated 2D model provides predictions of habitat suitability, not of defined spedes
abundance. CASiMiR model outputs were evaluated and acted as the primary source of information
forindividual species provision(based uponsensitivity thresholds) and spatial habitat response to flow
(habitat diversity, connectivity and persistence) from which principles for environmental flows at
Holden Wood were developed. This represents a significant step forwards in the task of bringing
together knowledge of ecology-flow response relationships in order to optimise e cological provision
interms of timings and appropriate magnitudes. Othertemporal drivers such as flow event frequency
and duration are not considered by CASiMiR and are incorporated through insights gained from
statistical analysis covered in Chapter 3, and additional knowledge from literature discussed in
Chapter 2.

Aswe have discussed, the outputs of the CASiMiR model have provided evidence that the assumption
that depth-averaged flow velocity is an acceptable surrogate for near-bed forces, and relates well to
habitat quality experienced by benthicbiota, is a valid one in this context. HSI predictions have been
shown to correspond well with field measurements of species population distributions, and because
of this we can have confidence in the assumption that changes to predicted HSI are likely to denote
significant changesin macroinvertebrate populations. Therefore, one of the goals of subsequent flow
design—to optimise HSI benefitfrom reservoirreleases —is a well-justified one. We are now able to
move into the next stage of this investigation, flow regime design, with good foundations and
confidence that the outputs of our developed model are sensible, and changes to these outputs should
be expected to elicit ecological change accordingly.
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5. ADDRESSING IMPOUNDMENT RELATED FLOW
MODIFICATION AT A CASE STUDY SITE BASED ON HYDRO-
ECOLOGICAL MODEL OUTPUTS AND ECOLOGICAL

PRINCIPLES"

“Flow designation throughthe approach described throughout Chapters 4 and 5, andthe results generated (particularly inSection 5.3),are
of significant worth and represent a promising area for further research; a paper comprising a condensed version of Chapters 4 and5 has
been accepted and published by the journal Ecological Indicators, see Appendix 9.1.

5.1 Introduction

The aims of the 2D model developed and calibrated in Chapter 4 were to aid in better understanding
how benthic macroinvertebrates within the system respond to flow alteration and to develop
recommendations for more efficient flow regimes that make provision for the environment, whilst
retainingas much wateras is possible. Moving from established science toimplementation has been
identified as a particular challenge in the field of environmental flows (Overton et al., 2014). This
investigation proposes a novel methodology by which findings may be implemented. Conflicting
stakeholder interests present in most riverine systems are a particular challenge to environmental
flow implementation. The provision of societal services is a significant priority that cannot be
neglected; therefore water managers mustidentifyways in which to maximise environmental benefit
relative tovolume of water released asimpoundment outflows (Konrad et al., 2011, Summersetal.,
2015). In the previous Chapterriver geometry, velocity and ecological data were gathered for model
developmentand calibration. In this Chapter, habitat predictions are utilised and supplemented by a
further consideration of ecosystem requirements, based on findingsin Chapter 3, in order to design
potential environmental flows for the Holden Wood site. These designer flows were compared with
past and current impoundment outflows to demonstrate their advantages.

5.2 Methods

This section outlines the process by which flow regimes were designated, includi ng an evaluation of
the impacts of the Holden Wood impoundment, an analysis of indicator speciesrequirements both in
terms of magnitude and timing, and a more general analysis and application of ecological principles
such asthe need forflowvariation, habitat heterogeneity, and a considerationfor the physicochemical
regulation and ecological stability provided by more natural and varied flow regimes. As the Results
section deals specifically with the resulting observations post-flow regime design, the insights
provided by the above analyses are given here and theirintegrationintoflowregime design is detailed.
This section ends with the proposal of designer flow regimes and their rationale.

5.2.1 Preliminary analysis: natural vs modified flow

Prior to designing new flow regimes, the 2014 flow regime at Holden Wood reservoir was compared
to 2014 inflows into the reservoir using mean daily flow data obtained from United Utilities, the
outflows being measured by a cumulative flow gauge at the site that is read daily by a site operator,
who calculates the flow for the last 24 hours and converts this into flow rate per second, and the
inflows being calculated by a gauging station placed before Holden Wood reservoir. Reservoir inflows
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can be approximated to natural flow into Ogden Brook, were no impoundment were in place. 2014
data was chosen due to these being the latest synchronised datasets made available. A semi-
quantitative analysis was performed between the two datasets, focusing upon the primary alterations
typically caused by flow modification; changes to overall flow magnitude, changes to inter-annual
seasonality and flow variability, and changes to the frequency and durationof individual high flow and
low flow events (typically defined as the upper and lower 25™ percentiles of flow respectively) (Poff
et al., 1997, Richter et al., 1996). This analysis provided insights into the extent of flow regime
modification, and into what characteristics within the regime are most altered. There are significant
differences between the two time series, as demonstrated in Figure 5.1 and Table 5.1 below:

Natural Flow Modified Flow
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Figure 5.1: Reservoir inflows (left) compared with Reservoir outflows (right), with associated flow features

Table 5.1, Comparative analysis of high and low flow events between 2014 reservoir inflows and
outflows

INFLOWS OUTFLOWS DEVIATION
Flow Parameters Flow Parameters FROM NATURAL
Low pulse count 16 Low pulse count 5 -11

Low pulse duration Low pulse duration

(days) 3 (days) 7 4

High pulse count 15 High pulse count 11 -4

High pulse duration 2 High pulse duration 4 2

Figure 5.1 and Table 5.1 show that modified flow at Holden Wood deviates from the natural flow
regime ina number of significant ways, in agreement with previous literature (Richteretal., 1996). A
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primary difference is that “natural” flows amounted to 1,786,596m3 over the course of 2014, whereas
impoundment outflows released 600,283m3 during the same period. Due to licence changes under
the EA, outflows have increased (detailed in Section 5.2.8 and ecological impacts predicted in Section
5.3) but inflow records for this time were not made available, leading 2014 to be the most feasible
year for comparison. It can also be seen in Table 5.1 that low pulse events are significantly lower in
reservoir compensation flows, likely due to the baseline flow already being at a low level due to the
artificial nature of the flows. High pulse events are also reduced, though to a lesserextent (this may
also be due to the low baseline causing the threshold of what definesa high flow to be very low
compared to natural conditions). The duration of flow events are also significantly altered, with low
and high pulse durations lasting4and 2 days longeron average, respectively, than would be expected
in natural conditions. The impacts of regulation and their implications will be discussed in greater
length within Section 5.4.1. The main aim of this initial analysis was to illustrate the impact of flow
impoundment upon river flow, and therefore the extent of regulation was not fully quantified as in
some studies (Gillespieetal., 2015a); quantified extent of regulation is generally a more useful metric
when comparing between sites.

5.2.2 CASiMiR outputs and supplementary data

Utilising the hydraulic-ecologically linked model developed in Chapter 4, it is possible to predict the
ecological response of indicator species to flow based on their flowvelocity preferences inputtedinto
the CASiMiR modelas described inSection 4.5.2. A steady flow can be inputted into the model inorder
to generate aresponse curve of flow vs habitat suitability using the hydraulic and ecological inputs
describedinSection 4.5, ora flow regime can be inputted and atemporal output of habitat suitability
over the year (or length of time inputted) can be generated. This provided insightsinto species flow
sensitivities and their requirements for optimal habitat suitability. The final proposed flow regimes
required the incorporation of many factors, however. In addition to the role of flow magnitude on
species habitat quality, the influences of flow on habitat heterogeneity and connectivity were also
considered, as were temporal variation, reservoir functions, and the potentially conflicting
requirements of environmental and societal needs.

5.2.3 Species requirements: flow

Chapter 4 discussed the selection of indicator species based upon their range of flow requirements
and their presence throughoutthe study reach CASiMiR’s outputs were utilised to identify improved
flows forthe provision of indicator species requirements. The Hydraulic Habitat Suitability (HHS) index
was utilised to provide an intuitive dimensionless value of overall habitat quality across the site,
between0and 1. HHS is based upon weighted usable area (WUA) metric (Kelly etal., 2015), divided
by the total wetted area. WUA in turn is based on the Habitat Suitability Index (HSI) (Oldham et al,,
2000) by multiplying habitat type by area, with greater weighting for higher HSI values. The equations
for WUA and HHS are described below as provided by Schneider et al. (2010):

n
WUA = ZA *HSI

=1

Where A is the area of the iy, cell (m?) and HSI is the habitat suitability value of the iy, cell.
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n

1

HHS = ZA -HSI
Ages i=1

Where A, is the area of the entire modelledarea (m?)and the remainder of the equation isequivalent
to the calculation for WUA.

Intheirproposal of HSI, Oldham et al. (2000) state that a direct correlation between HSI value and the
species abundance; this also applies to HHS. Whilst this assumption generally holds true, it may be
expected that weakening correlation occurs due to external drivers such as biological interactions;
high habitat quality facilitates but does not guarantee habitation. Poor quality habitats by definition
are unsuitable for significant species populations, and therefore could not sustain a high spedies
abundance, though external drivers may also have an influence upon species distributions within
these habitats. The HHS for indicator species was plotted with flow magnitude (Figure 5.2).
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Figure 5.2: HHS response against flow for each indicator species at the case study site

Some species were sensitiveto changesin flow; atthe low end of the flow range, increasing flow from
0.01m3/secto 0.05 m3/secresultedin a HHS increase from 0.21 to 0.45 for Hydropsyche siltalai, whilst
the same increase in flow resulted in a HHS increase from 0.28 to 0.31 for Gammarus pulex. This
difference inresponse is quite significant, particularly at low HHS ranges where increases of in habitat
quality may mean the difference between an untenable species population thatis constantly danger
of being wiped out (for example by predation or sudden flow events), and a small but sustainable
population that is large enough to recover from disturbance events (McMullen et al., 2017). Such
differencesin HHS response suggest that certain species at the site are more vulnerableto changesin
flow while some are more resilient. Levels of responsiveness at the flow ranges present within Ogden
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Brook (approximately 0.01-0.10 m3/sec) suggest that some species will respond favourably to small
increases in flow, whereas others will show little response, particularly at the lowest ranges of flow
magnitude. Such findings may optimise flow designations depending upon seasonal species
distributions.

2014 Outflows vs 2014 Inflows

Comparisons were made between the Holden Wood data for 2014 outflows and inflows, the inflows
acting as a surrogate fora naturalised system free of impoundment. The response of species’ HHS to
the temporal variation in flows were derived (Figures 5.3 and 5.4).
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Figure 5.3: Predicted HHS values of indicator species, in response to 2014 Outflows at Holden Wood
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Figure 5.4: Predicted HHS values of indicator species, in response to 2014 Inflows at Holden Wood

Magnitude vs Habitat Heterogeneity

Differences in flow preferences, and responses to flow change, among species also highlights the
potential importance of flow heterogeneity in promoting biological diversity (Ward et al., 2002).
Homogeneity of flow velocity was identified as an issue associated with the modified flow regime at

the study site. To address this, CASiMiR was also used to calculate the flow diversity of available
habitat at across range of flows.

Anindexforhabitat heterogeneity was developed using Shannon's Diversity Index (H). The index was
applied tothe range of velocity distributions present within the river channel ata given discharge, as
demonstrated in Figure 5.5. Ranges of velocity reflect the range of flow environments and thus
habitats present within the system. His calculated using:

N
H = pilnp, ®
i=1

Where S is the number of flow categories present in the sample and p;is the relative proportion of
habitat in the /" category (Magurran, 2004).
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This was applied by calculating the total wetted area and the wetted area covered by each flow
velocity category over a range of discrete steady inflow discharges. CASiMiR defines 8 velocity
categories, from “Very Low” to “Extreme”.These categories are defined by flow rangesset by CASIMIR
foreach category, from 0.00-5.00cm/s for Very Low, up to >80.00cm/s for Extreme. The proportion of
each velocity category was determined and used in Equation 1to derive a measure of “flow diversity"
for the study reach (Figure 5.5).
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Figure 5.5: Diversity of habitat; Shannon's Index of depth-averaged flow velocity across the river channel vs channel inflow

It was found that habitat diversity increases with flow rapidly inthe lower flow ranges, but this trend
diminishes and eventually plateaus. Beyond Q=0.1m?3/sec, flow expenditure gives little benefit in
terms of habitat diversity, and at higher flow ranges flow-habitat diversity decreases as the river
becomes more uniformly fast-flowing.

Ecological Requirements Informing Environmental Flow Design

The response to flow in terms of individual species HHS values, and the response of the ecological
conditions more generally in terms of habitat diversity, informed environmental flow regime design.
Due to the diminishingreturns observed interms of increasing habitat diversity with flow, alongside
the reducedresponsiveness of indicator speciesat higherflows, and due to local infrastructure design
being based upon historical flows, designed flows were limited to a maxima of 0.1m3/sec. Mean
diversity across the range of flows (up to 0.1m3/sec) is approximately 0.75. In orderto define alower
bound fordesigned flows, a critical diversityvalue was defined as an approximately 80% loss of habitat
diversity below the mean (i.e. a diversity value of 0.15), which corresponds to a flow threshold of
approximately 0.015m3/sec. It is recognised that the relative nature of Shannon’s index, and the
difficulty in quantifyingthe impact of heterogeneity of habitat uponthe ecosystem (Yinetal., 2017),
means that meaningful habitat diversity (and thus flow) thresholds are difficult to define objectively.
In this study the threshold is designed to act as a buffer to prevent complete habitat homogeneity,
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and regime-specific flow regime minima are designated through a combination of habitat diversity
and more quantitative species sensitivities identified through HSI values (see earlier in this section).
Depending uponthe information available foragiven system, the approach towards such thresholds
and the emphasis placed upon particular metrics may be varied.

It should also be noted that the hydraulic model for the site is calibrated at a significantly lower
magnitude than the upper natural flow range (0.024m3/sec vs 0.41m3/sec); model results at
magnitudes similar to natural conditions may therefore not provide accurate hydraulic predictions.
Additionally, local infrastructure has developed alongside the current state of the flow regime;
"natural" flow ranges in reservoir inflow data would be unsuitable for the current state of the river
channel and could increase the risk of flooding in the surrounding urban area. This threshold was
appliedto spring, summerand autumn. Due to lower biological activity in winter (White etal., 2017,
Olsson, 1982) as discussed in Section 2.2.4, alowerflowof 0.01m3/sec was deemed acceptable. During
high flow periods, amaxima of 0.1m3/secgivesoptimal habitat diversity priorto aplateauin the flow-
diversity relationship. A full account of flow regime designation is detailed in Sections 5.2.8and 5.2.9.

5.2.4 Temporal flow requirements

Habitat modelling provides a prediction of ecological response to changes in flow magnitudes.
However, this alone is not sufficient to derive holistic environmental flow regimes. Chapter 3
highlighted the fact that the timings, frequencies, and durations of flow eventsmust be considered in
terms of ecological requirements. Sections 3.3 and 3.4 in particular demonstrated the importance of
flow event frequency as a driver of ecological response. Additionally, as discussed throughout
Chapters 1 and 2, societal needs and practical constraints must be considered in terms of
impoundment operation and storage. Such factors cannot be considered within the CASiMiR model
alone, and are often unique to a particularriverorregion (Konrad etal., 2011). In these cases, species
requirements from literature, and natural flowsfrom otherriver systems in the North West o f England,
were used to supplement model outputs and were integrated into flow regime development.

Ecological stability can be compromised by the loss of natural flow characteristics (Poff et al., 1997),
andtherefore supplementary data was required to informflow regime design in termshigh flow event
frequencies and durations. Asriver systems of a similar geology and geography experience the same
climatic conditions and tend respond to a given flow in a similar manner in terms of thermal regime
and physicochemical properties (Alcazarand Palau, 2010, Arthington etal., 2006), it is expected that
the biotaat Holden Wood should respond favorably to high flow event frequenciesand durations that
are approximate to typical naturalised flow regimes within the region (low flow events were not
considered dueto baseline impoundmentoutflows already being comparableto lowflow events). This
approach is comparable to the Before/After Control Impact approach (Underwood, 1991), but is
applied on a more general regional level and does not require extensive conformity with specific
reference conditions. Long-term Holden Wood inflow data was not available, and a transferable
“regional” set of conditions was desired; therefore flow data was obtained from 7 non-heavily
regulated rivers across the North West of England, around the Greater Manchester and Lancashire
areas, through the CEH NRFA website (Centre for Ecology and Hydrology, 2018), and the typical
frequency and duration of high flow events in the region wereidentified. Rivers with an average daily
flow above 1Im3/s were excluded, ensuring rivers of similar magnitude to Holden Wood’snatural state
(derived from impoundment inflow data). Thisflow data, spanning on average 37 years, was processed
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using IHA software (The Nature Conservancy, 2017). The particular variables of “High pulse frequency”
and “High pulse duration” were extracted from software outputs, and the median of these values was
taken foreach of the 7sites. “High flows” or “high pulses” are definedin thisstudy as flows that exceed
75% of the mean daily flow record. Analysis outputsare shownin Figure 7. Mean standard deviation
of sites was 5.648 from the mean high pulse count across sites, and 0.488 for high pulse duration
(measured in days).
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Figure 5.6: High pulse event frequency and duration at 7 non-regulated sites, demonstrating extent of similarity of conditions
in the North West Greater Manchester and Lancashire region.

It can be seen from Figure 5.6 that mean annual high pulse frequencies across the sevensites range
fromapproximately 15to 33, with an average of approximately 23 events peryear. Mean annual high
pulse durationislessvaried, with most sites having high pulse durations of two days, and two having
a duration of three days. For comparison, Holden Wood 2011-2014 inflows were found to have an
annual mean high pulse frequency of 15 peryear and a mean high pulse duration of 2.5 days through
the IHA software. The reservoirinflows utilised as reference conditions for a natural system are
therefore within the flow condition range typical to the North West England region.

In addition to the variability of flow overa period of time such as a season, another key questionwas
species occurrence overthecourse of the year. A preliminary analysisof temporal species persistence
was performed using Cascade consultancy ecological sampling datafrom 2016, based on single-point,
three minute kick samples takenin April, May and October (Table 5.2). Species life historyinformation
from literature was also assessed (Beltran Epele et al., 2011, Raddum and Fjellheim, 1993, Welton,
1979, Andersen and Klubnes, 1983, Berg and Hellenthal, 1992). Variation in species populations were
considered between seasons. The peak population for each species within the river throughout the
year was calculated. A period in which a speciesis at peak abundance within the river system is
assumed to be a key time of year for that species, where it will be susceptible to changes in flow.
Periods of very low speciesabundance (due to the species being at alife stage where mostindividuals
have emerged as terrestrial adults) are unlikely to be times of key importance or sensitivity for that
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species. Other key periods may exist, such as egg laying, which are not clearly reflected by mere
population numbers. Such features and timings were searched for within previously cited literature.

Table 5.2: 2016 Data on species distributions in spring and autumn for single-point 3-minute kick samples,
provided by Cascade Consultants

Species Spring abundance Autumn abundance
Orthocladiinae 196 20

Tanypodinae 11 5

Tanytarsini 30 7

Baetis rhodani 75 30

Gammarus pulex 32 360

Hydropsyche siltalai 12 145

Polycentropus

flavomaculatus 0 67

At Holden Wood, literature and observed data were not in agreement in terms of species seasonal
abundances; differencesin rivertemperature can be a stronginfluence on life history timings (Poole
and Berman, 2001). Water temperature may be modified by the reservoir itself due to thermal
stratification, and this may lead to desynchronization between observed species activity and general
trends reported in literature. While seasonal variation is apparent in the data seen in Table 5.2, it is
not clear how this accords with expectation from life-history information in the literature, and the
data set is insufficient to base seasonally specific flow targeting upon. Therefore no differentiation
was made between the targeted seasons of spring and autumn in flow regime development.

5.2.5 Habitat distribution, connectivity, and persistence

In addition to the considerations of heterogeneity, the more temporal considerations of habitat
connectivity and persistence also play arole in ecological diversity and stability. Areas of high habitat
guality are of little use to an individual if they are not persistent and not connected to alternative
habitats, as the individual would then be left in poor conditions without access to refugia, assuming
that a given specieslacks the mobility torelocate to a more preferable location in a timely manner—
this is a valid assumption for many macroinvertebrate species, as macroinvertebrate mobility varies
greatly across species (Mackay, 1992). Other influences unrelated to habitat quality also necessitate
connectivity to othersuitable habitat; highlevels of competition or predation, forinstance, may make
it desirable for individuals to move if possible (McCabe, 2010). At the flow ranges expected at the
Holden Wood site, habitat quality and connectivity almost unanimouslyincreases withflow. Thus, the
mostintuitiveand productive question appeared to be, how does habitat persistence and connectivity
change with decreasing flow?
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Flows were initially set as 0.06 m3s, close to the maximum flow currently observed at Hol den Wood.
Flow was then reduced in steps to 0.04, 0.03, 0.02 and finally 0.01 m3s? and the change in spatial
distribution of habitat quality (HSI) was assessed for each individual species. Flow diagrams of habitat
distributions at each flow were created and the connectivity and persistence of good to moderate
habitat for each individual species was assessed and the implications considered. The HSI for each
species was predicted at a range of flows, starting at a maxima and decreasing. Predictions were
visualised using CASiMiR’s Plan View to show changing connectivity across the river reach.
Connectivityinterms of the spatial distribution of high-quality habitat decreased with decreasing flow
for all species, though at different rates. Examples of habitat connectivity and persistence with
decreasing flow for individual species are shown below in Figures 5.7-5.9.

The species Baetis rhodani, Gammarus pulex, and Hydropsyche siltalai are presented below.
Polycentropus flavomaculatus was omitteddue to the species’ resilience to low flow conditions, which
simply led to increasingly homogeneous good habitat conditions as flow decreased:
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Figure 5.7: Habitat connectivity and persistence for Baetis rhodani
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Hydropsyche siltalai HSI distributions
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Figure 5.9: Habitat connectivity and persistence for Hydropsyche siltalai
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Figure 5.7 demonstrates that Baetis rhodani has abundant and well-connected habitat (HSI >0.5), at
0.06 and 0.04m3/sec. As flow is reduced further to 0.03m3/sec, connectivity begins to diminish,
particularly in the downstreamregionof the assessed river channel. At 0.02m3/sec, favourable habitat
beginsto break upinto pockets, with lower Sl (<0.4) being the dominant condition in the river. Finally,
at 0.01m3/sec, it can be seenthat the downstream habitatis entirely poor, whilst upstream remains
habitable but lacks areas of habitat where the species might be expected to flourish.

Baetis rhodaniis one of the more resilient indicator species; Hydropsyche siltalaiand Gammarus pulex
fare much more poorly at low flows, and the spatial changesin HSl likely have a much greaterimpact.
Figures5.8and 5.9 demonstrate that as flow callsto 0.02m3/sec, the majority of the channelis of poor
habitat quality, and at0.01m3/secmost of the channel is at a HSI of 0.2 or lower. Should the se species
be unable to move elsewhere, it is likely that these macroinvertebrates in these patches will see a
significant decline, or even total loss, of population. This could particularly be the case in the
downstream area of the riverthat seesthe lowestlevels of HSI in both cases. Such spatial modelling
may help to inform water managers as to the impact flow might have upon populations throughout
an investigated river system that might not be clear from site-wide metrics such as HHS. This may in
turn inform flow regime decisions. From the example provided here, one might conclude that a flow
of 0.02m3/sec would be detrimental to all three indicator species, particularly the more sensitive
Hydropsychesiltalaiand Gammaruspulex, and flow should be keptabove this where possible. Further,
one might conclude that flow falling to 0.01m3/sec leads to critical conditions in a large part of the
system (the downstream section) for these two species, and such flows should be avoided if at all
possible.

Table 5.3 summarises some insights that a water manager might take from the spatial HSIl information.
Both Hydropsyche siltalai and Gammarus pulex were sensitive to low levels of flow. In the case of
Hydropsychesiltalai, connectivity decreased to a critical point where it was lost almost entirely. From
these outcomes, flow thresholds might be developed for recommended flows in order to avoid a
critical loss of connectivity. These thresholds could be adapted season by season, making provision for
a given species composition. In the table, “Soft Threshold” represents a recommended low flow
thresholdfora species, which should usually not be crossed due to likely detrimental impacts. “Hard
Threshold” similarly is alow flow threshold, but one that should be avoided if at all possible, as below
thisthreshold flow high levels of mortality would be expected. This thesis acknowledges that thisis a
somewhat qualitative approach to spatial HSI representation, and further thoughts on this matterare
discussed in Section 5.4.6.

Table 5.3: Flow Thresholds for indicator species, based on habitat persistence, connectivity and heterogeneity

Species Soft Threshold (m3/sec)  Hard Threshold (m?3/sec)
Baetis rhodani 0.01 0.005

Gammarus pulex 0.04 0.02

Hydropsyche siltalai 0.03 0.02

Polycentropus flavomaculatus N/A —Resilient N/A —Resilient
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5.2.6 External variables

In addition to these approaches, the complexity of the river system means that other influences on
ecological response are beyond the scope of this investigation. External variables include the
influences of land use, water chemistry, nutrient availability, light availability, water temperature,
sediment transport and biological interactions. Such external variables must be acknowledged, and
changesto flow regime must consider whetherthe above variables may also be changed as a result,
and whatthe implications of those changes might be. Quantifying such variables, however, is beyond
the scope of this investigation, and selection of study site was significantly influenced by its smaller
scale, and its flow being primarily controlled by impoundment releases (as discussed in Sections 4.2
and 4.3); this allowed the influence of external variables to be minimised as much as possible. It is
impossible to control most external variables without a disproportionate amount of effort being
required, and therefore this thesis has focused upon flow, a variable that can be feasibly controlled
and manipulated. Having been performed within a (relatively) controlled environment within Ogden
Brook and laying out the foundationsof this approach, further study may adapt the method forlarger
and/ormore complex systems, as discussed in Section 6.2.2. This said, potential external variables to
be considered by water managers are listed with their possible impacts in Table 5.4:

Table 5.4: External variables and their associated impacts within the river system

External Variable Influence Citation

Temperature Productivity, growth, life history timings (Olden and Naiman,

2010)

Nutrient availability Productivity, growth, population

distributions, water quality in cases of

(Vannote etal., 1980)

over saturation (eutrophication)

Biological interactions
Shade

Oxygen concentration

pH

Sediment type and transport

Species distributions and numbers
Species distributions, Productivity

Productivity, species numbers, nutrient
availability

Plant growth / productivity, microbial
activity, climate for pH-sensitive species

Species distribution, visibility (fine

sediment in water), nutrient retention,
spawning, river morphology

(McCabe, 2010)
(McCabe, 2010)

(McCabe, 2010)

(Fondriest
Environmental
2013)

Inc,

(Wampler, 2012)

As well as considering ecologically-important variables, the practical constraints of the reservoir must
also be regarded. The following section discusses how reservoir storage was integrated into flow
regime design decision making.
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5.2.7 Impoundment storage model

When designing managed outflow from impoundments based on ecol ogical modelling, the practical
consideration of the impoundment structure and operational rules must be considered. In this case
both minimum permitted water levels as well as the operational capacity of Holden Wood must be
accounted for. Failure to utilise the impoundment capacity sustainably could resultin drainage down
to the extent at which the impoundmentis nolongerable to drain under gravity, a point below which
additional storage is termed “dead water”. This would breach the impoundment contract set by the
Environment Agency, and would lead to prosecutionif not mitigated. Flow regimes were designed this
constraint in mind. “Dead water” Holden Wood is below 37,000m?3 (Maddison, 2012), therefore a
significant buffer from this waterlevel was set. A threshold of 100,000m* was designated, that Holden
Wood should not drop below, based on discussions with United Utilities. A simple model was
therefore developed to understand storage levels as a function of both measured inflows and
simulated ‘designed’ outflows over each period of analysis. This also allows the calculation of the
‘efficiency’ of each designed flow regime in terms of maintaining impoundment water levels. The
model operated using impoundment inflow data paired with outflow data (historical or proposed flow
regimes), impoundment storage capacity, and volume of spill from the volume of inflow per day that
exceeds reservoir storage capacity. At each daily time step the change in storage within the
impoundment is calculated as:
av
e I — (0 + Sp)dt

WhereV is current impoundment storage volume (m?3), tis time (s), | is dailyinflow (m3/s), O is daily
prescribed outflow (m3/s), and Sp is overflow spill rate (m3/s). Based on the capacity of the
impoundment, Sp = 0 when level is below reservoir capacity (367,000m3), and when above this
capacity, isdefined as total volume of capacity exceedance. At the start of each period of analysis the
storage volume is set based on known values taken from historical records kept by United Utilities.
Water levels are monitored foreach simulation across a proposed outflow time series, such that the
total released volume of water over each periodis knownto ensure thatlevels do not fall below the
prescribed minimum threshold. The storage model assumes that daily excess water (Sp) is released
within one day, as would be expected in all but the most extreme climatic conditions.

5.2.8 Flow regime design

Various aspects of this investigation have informed particularfacets of flow regime design. Proposed
regime designsencompass better provision forspecies flowrequirements, encouragement of greater
diversity of habitat, increased temporal flow heterogeneity (particularly with regard to high flow
frequency),and also acknowledge infrastructural constraints and the need to reduce annual outflows
relative to 2017 impoundment releases due to economic and water security constraints.

2017 outflows at Holden Wood released 1,180,460m3 of water over the course of a year under the
new impoundmentlicence. Previously, 2014 outflows released 600,284 m3. HHS was assessed under
both of these conditions and a goal was set to maintain or exceed ecological metrics, whilst using
significantly less waterthan 2017 releases. Three regimes are proposed with different designfocuses.
Each designed regime was compared to historical inflow data, and the ecological benefit of each
regime was consideredalongside volume of water released and optimal use of flow; forinstance high
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flowsinwinter may not have a significant impact upon overall ecology due to the biologically-limiting
effects of the thermal regime during this period (Olsson, 1982, Vannote and Sweeney, 1980).

5.2.9 Flow designation

Individual species requirements, habitat diversity, typical regional flow event duration and frequency,
and practical reservoir and site constraints were considered in order to design annual flow regime
magnitude and timings with the aim of optimising ecological provision relative to volume of water
released. Due tothe diverse interests that may be presentat a site, and due to the potential conflict
between societal needs and environmental requirements, three flow regimes were proposed. These
designed regimes (A, B and C) vary based on their balance between ecological provision and water
conservation focus, thus demonstrating the utility of the approach and allowing it to be adapted to
the context of application; for example providing a vital societal service that must ensure water
security, orensuring provision forasite of special scientificinterest and therefore maximising habitat
suitability of a selected species as a priority.

Regime A aims to maximise habitat diversity and HSI during flow maxima whilst releasing a similar
overall volume of water to 2017 outflows; Regime B aims to balance the two priorities, retaining a
modest amount of water and maintaining moderate habitat diversity and HSI; Regime Cretains more
than 50% of the waterreleasedin 2017 outflows, but ecological metrics are at threshold values. A full
account of regime design characteristics and rationale is provided in Table 5.5. All regimes follow the
same general design shownin Figure 5.10, with five high flow pulses occurringin springand in autumn
respectively, with magnitudevarying with regime. This pulsefrequency and duration criteriais based
on values identified in Section 3.4. Summer and winter retain constant flow rates (not including
impoundment spills); in the case of summer, the season lacks biological information and there is a
needto retain as much water as possible due to lowerrainfall, increased water demand, and the risk
of drought, andinthe case of winterthe cold seasonal climate leading to dormancy among many taxa
suggests lower flow requirementsin this season, additionally, supplementary flowfrom spill events is
common in this season due to elevated rainfall.
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Figure 5.10: General design of proposed flow regimes; A, B, and C.

Table 5.5: Breakdown of individual flow regime design characteristics with their rationale

Characteristic Rationale

Maxima Periods of high flow cultivate elevated habitat diversity and high mean
HHS values acrossindicator species for short, repeated periods inspring

3

A-0.1m°/s and autumn. Such flows also aid in regulating the system’s
physicochemical properties (Alcazar and Palau, 2010).

B - 0.075m3/s

C-0.04m3/s

Intermediate Based on good habitat diversity and moderate-high HHS values across
indicator species whilstremaining within annual flow target, prolong the

A —0.05m%/s period of higher flow, prevent the flow increases beingtoo sudden and
disruptive to the native ecosystem (Blanckaert et al., 2013).

B—-0.03m3/s

C-0.025m3/s

Spring / Autumn Baseline Based on threshold for most sensitivespecies presentinthese seasons,
Gammarus pulex and Hydropsyche siltalai, identified in the seasonal

A-0.02m>/s analysis of consultant data. HSI becomes poor (>0.03) below flows of

B— 0.02m? 0.02m3/sec (see HSI vs Flow in Figure 5). HSl above 0.02 is maintained in

— 0.02m*/s Regime C, a habitat of low carrying capacity but still tolerable (Oldham
C—0.015m*/s et al., 2000)
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Reduced Summer Baseline Threshold based on habitat diversity and critical habitat quality

responses to flow. Season lacks biological information and there is a
(Regimes A and B only) need to retainas much water as possibledueto lower rainfall,increased
0.015m3/s water demand, and therisk of drought.

Reduced Winter Baseline Lower productivity, and dormancy among many taxa during winter,

suggests lower flow requirements in this season (Olsson, 1982). Elevated

3 .
0.01m?/s (Regimes A, Band C) rainfall regularly supplements winter flow with spill events.

5.3 Results

Figure 5.11 demonstrates the influences of Regimes A, B and C upon Holden Wood storage. The
reservoir begins the yearfull due to high winter precipitation levels leading this to typically being the
case; thisis based upon reservoirrecords fromthe previous year(2013), supplied by United Utilities,
in which the reservoir was at full capacity towards the end of December.

0.45 400000
o - 350000
H - | 300000 __
:"21 0.3 I ; l. | n:%
£ Nl ; g : 250000
% 0.25 I | Regime A % | ;isu
£ RN Regime B 200000 2
E 0-2 || | 'Il Regime C _§
-g 0.15 | Iy [ Sp—— Storage A 150000 E
2 | | | i ! | Storage B g
= L Y 100000
01 | m ]] Storage C 1
: | | |
1 ﬂ i A 50000
002 I Tl Tz
| L I | | || ! ]
0 0
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Day

Figure 5.11: Flow regimes A, B and C with associated changes in reservoir storage

It can be seenin the above figure that spills play a significant role throughout the winter period, and
also have some influence upon the flow regime during the springand autumn peri ods under smaller
flow regimes B and C. Spills are a result of the reservoir being at capacity and water therefore being
released fromthe reservoir’s overflow channel into Ogden Brook. These spills elevate the flow within
the river system for a short time and therefore have a sporadic influence upon the ecosystem. The
predicted levels of spill demonstrated in Figure 5.11 are predicted to be of short-term ecological
benefit (see Figure 5.12, discussed shortly), but due to spills being caused primarily by he avy
precipitationevents, this thesis doesnot consider spills to be areliable mechanism by which ecological
requirements might be met, particularly in terms of timings, durations, and frequencies.

Historical flows are also considered and compared with proposed regimes; based on historical
measured data, 2017 outflows at Holden Wood released 1,180,460m?3 of water over the course of a

104



year under the current impoundment licence. Under a previous licence agreement, 2014 outflows
released 600,284 m3. The increase in flow under the current licence is largely motivated by
environmental concerns; 2017 outflows thus provide a good example of the continued use of the
traditional steady outflow approach for ecological provision. It is therefore possible to demonstrate
potential ecological benefits provided by increased flow magnitudes under the new licence, and to
demonstrate how ecological needs may be met more efficiently under proposed designerflows. As a
reference case the yearly variation in HHS based on the CASiMiR model was assessed under the
conditions defined by 2014 and 2017 outflows. Figure 5.12 demonstrates the outcomes in terms of
mean HHS between the 4 indicator species for each of the designed flow regimes and historical
outflow data.
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Figure 5.12: Mean HHS predictions resulting from implementation of flow regimes A, B and C, alongside mean HHS based on
2017 outflows and 2014 inflows (values include effects of predicted impoundment spills)

It canbe seen fromthe above resultsthat Regime A maintainsgood to moderate meanHHS (~0.5-0.6)
for much of the spring and autumn period, whilst Regime B maintains lower-moderate values (~0.45)
with periods of higher HHS approaching 0.55 during pulse maxima. Regime C maintains lower-
moderate values for much of the two seasons (~0.40-0.45), with minima values dropping to 0.35;
approaching the lower end of the tolerable HHS range. The more water that is conserved withina
given regime, the more likely it is that spill events will occur due to impoundment capacity. These
events are determined by annual precipitation however, and may not be a reliable supplementary
provision due to this inherent unpredictability. The HHS values of indicator species were assessed
between flow regimes, evaluating the average HHS under uniform flow and the three proposed
designs, and also evaluating the peak HHS achieved underthe sameflows. These results are displayed
in Tables 5.6 and 5.7.

Table 5.6: Average HHS for 4 indicator species at Holden Wood under historical and designated flow regimes,
displaying each regime’s annual flow output in cubic metres.

Average HHS
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2014 Outflow 2017 Outflow A B C
(600,284m3/yr) (1,180,460m3)  (924,480m3) (721,440m3) (565,488m3)

Baetis 0.38 0.46 0.4 0.39 0.37
Gammarus 0.29 0.33 0.3 0.3 0.29
Hydropsyche  0.26 0.34 0.28 0.27 0.25
Polycentropus 0.59 0.63 0.61 0.6 0.59

Table 5.7: Peak HHS for 4 indicator species at Holden Wood under historical and designated flow regimes,

displaying each regime’s annual flow output in cubic metres.

Peak HHS

2014

Outflow 2017 Outflow A B C

(600,284m3) (1,180,460m3)  (924,480m3) (721,440m3) (565,488m3)
Baetis r. 0.55 0.5 0.61 0.57 0.47
Gammarus p. 0.38 0.35 0.43 0.39 0.31
Hydropsychep.  0.43 0.39 0.49 0.44 0.35
Polycentropus f.  0.69 0.65 0.78 0.71 0.63

HHS values between 2014 and 2017 flows show limited response to flow increase; Baetis rhodani
shows the greatest change, and even here an increase of only 0.08 HHS is observed; a definite
improvement, but requiringover 400,000m* more waterto be sentdownstream peryear. Designated
regimes are shown to be capable of maintaining average annual ecological metrics at acceptable
levels, while conserving significant quantities of waterand providing frequent habitat quality maxima
within the most ecologically-relevant seasons (based on Environment Agency sampling procedure).
Habitat quality maxima demonstrate a dramatic improvement in terms of applied ecological
principles; flow variationis far greater, with ten high pulse events in contrast to the two or three
throughout the year in 2014 and 2017 outflow data, and pulse magnitude is significantly higher in
regimes A and B, with above a 100% increase (approximately 0.045m3/sec up to 0.10m3/sec) for
Regime A, and an approximate 66% increase for Regime B (up to 0.075 m3/sec). Regime C maintains
pulses in spring and autumn seasons similar to those of 2017 outflows (though with lower duration
and more flow fluctuation), despite releasing less than half the amount of water annually.

Spring and Autumn Seasonal HHS

Ecological target seasons of spring and autumn were analysed and the flow regimes from 2014 and
2017 were compared with designer regimes in terms of daily HHS distributions, as shown in Figure
5.13.
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Figure 5.13: Ranges of HHS across spring and autumn seasons for historical and proposed flow regimes

Throughout spring and autumn, 100% of 2017 daily outflows generated a mean HHS in the range of
0.41-0.50; both release rates remained in one HHS range. For 2014 flows, 3% of daily flows were in
the range of 0.51-0.60 HHS, likely due tospills. 72% were in the range of 0.41-0.50, and 25% were in
the range of 0.31-0.40 due to alternating flow between two release rates. For Regime A, 19% of daily
flowswere inthe range of 0.61-0.70 HHS, mainly associated with the maxima, 2% were in the range
of 0.51-0.60, associated with spills, 76% were in the range of 0.41-0.50, associated with intermediate
flow and baseline, and 3% were in the range of 0.31-0.40, associated with reductions in flowjust prior
to winter. For Regime B, 3% of daily flows were inthe range of 0.61-0.70, associated with spills, 20%
were in the range of 0.51-0.60, mainly associated withthe maxima, 74% were in the range of 0.41-
0.50, associated with the intermediateand baseline, and 3% werein the range of 0.31-0.40, associated
with reductionsin flow just priorto winter. ForRegime C, 5% of daily flows were in the range of 0.61-
0.70, associated with spills, 10% were in the range of 0.51-0.60, again associated with spills, 61% of
flows were inthe range of 0.41-0.50, associated with maximaand intermediate, and 24% were in the
range of 0.31-0.40, mainly associated with baseline.

5.4 Discussion

The results of this study support the premise behind criterion-driven flow design encompassing both
temporal and magnitude-based requirements. Despite greatly increased outflows in 2017 historical
data comparedto otherregimes, HHS did notincrease in favourable proportion. Whilst 2017 outflows
have increased significantly relative to 2014, they remain largely homogeneous and fail to integrate
natural variation such as high flow pulses. Thus, whilst more than 400,000m3 of additional water is
released, ecologicalimprovement relative to thisis minimal. A holisticapproach to environmental flow
designis necessary to efficiently provide for ecological requirements in a world with increasingly
pressingand conflicting waterresources demands. Thisis consistent with findings from otherrecent
studies (Gillespie etal.,2015a, Gillespieetal., 2015b, Worrall et al., 2014, Brooks and Haeusler, 2016).

5.4.1 Comments on “Natural inflow” and “Impoundment outflow” 2014 data sets
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Primary differences between expected natural flows and impoundment releases were identified using
2014 impoundment inflow and outflow data, and demonstrate the | oss of natural conditions in the
modifiedsystem. Expected natural flows demonstrate significantly higher magnitudes of flow; natural
flow reaches a maximumof 0.42m3/secthroughout theyear, whilstimpoundment flow releases reach
a much lower maximum of 0.068m3/sec. Mean natural magnitude throughout the yearis 0.057m3/sec,
whilst mean flow magnitude from impoundment releases is 0.018m3/sec. The total flow release
throughout the yearfurther demonstrates differencesin magnitudes; while the natural system would
release 1,786,596m3 overthe course of 2014, impoundment outflows released 600,283m3 throughout
the year. Natural flow magnitudes are also highly variable, and therefore rather than being a single
ongoing moderate flow, we observe frequent shifts between high and low flows in the ranges
discussed. This is in contrast to outflow data, and is discussed further below.

The flow records show that periods of lowor high flow in the modified system remain relatively steady
for weeks to monthsthroughoutthe year. Flow event frequency is very low, with only four significant
flow eventstaking place overthe course of the year. Thisis in contrast to the natural system, where
flow eventsare generally short but frequent. Thereis in nature much variation throughout all seasons,
and flow rarely remains constant for more than a few days. Differences in the natural inflow data
when compared with modified outflows clearly show significant deviations from expected natural
conditions at the Holden Wood site, and little likelihood that modified flows are sufficient to sustain
a healthy native ecosystem, both in terms of magnitude and flow regime timings and variation; the
physiochemical and ecological regulation provided by these flow features is discussedin further de tail
below. The clearimplication of the HHS results forenvironmental flow development at our study site
is that higher magnitude (within the range of the natural time series) is almost always ecologically
beneficial for the species beingassessed; the question is how great the ecological benefit is relative
to how much water is “spent” in flow modification mitigation. Magnitude plays a number of roles
within the riverine system with direct and indirect impacts upon ecology; it is seen by many as the
primary influential flow characteristic, particularly when assessing rivers across very large ranges of
magnitude (Monk et al., 2006). Magnitude is responsible for many ecologically-relevant mechanics
within the river system such as sediment transport and shear stress (Richter et al., 1996, Merigoux
and Doledec, 2004), and thus increasing it to more natural levels not only serves as provision for
species flow velocity requirements, but also maintains a more natural environment through other
means.

Seasonality and flow variability are inherent to natural systems due to predictable precipitation
patterns and events such as snow melt (Junk et al., 1989, Junk and Wantzen, 2004a); due to this
predictable seasonal aspect and regular variation within natural water bodies, it is of little surprise
that riverine taxa have adopted biological adaptations to best take advantage of predictable and
varying flow patterns (Poff et al., 1997, Lytle and Poff, 2004). There is thus a need to adopt such
variability into any proposed flow regime, though in a somewhat limited state due to economic and
functional limitations imposed by the reservoir itself. While it is not possible to change the flow as
gradually or as frequently as seen in the natural time series, the recommended flow attempted to
implement more flow transitions (compared to the current modified flow regime), and such
seasonality and variation may be further supplemented by reservoir spills should periods of high
rainfall occur. These proposals are also consistent with findings from the statistical analysis of flow
patternsin a range of rivers (Chapter3), in which flow event frequency and duration were identified
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as key drivers of ecological composition and diversity, which in essence tie in closely with flow
variability; longer durations imply less variability whilst higher frequency implies more.

5.4.2 Model development and implementation: assumptions and limitations

A number of assumptions are made in order to generate 2D model predictions. For hydraulic
predictions, channel hydraulics were assumed to be simplisticenough for depth-averaged velocity to
be valid. In more complex river systems, more extensive velocity measurements at multiple depths
may be required in order to properly represent river hydraulics. Normal velocity distributions were
assumed at the inflow and outflow boundaries; this assumption was valid in this study due to the
identification of idealboundarylocations upstream and downstream at the reach. In complex, winding
channelsothervelocitydistributionmethods may be necessary. For CASiMiR model predictions, it was
assumedthat species preferences at the site correspond to those foundinthe STAR project database.
Subsequent model predictions, compared with observed sampling data, suggest that this assumption
is valid at the study site, although further sampling undera greaterrange of flow conditions (such as
those described under proposed regimes) would be necessary to fully validate this assumption.
Overall, predictions of ecological response to flow were as expected and no divergent oranomalous
response was encountered.

It has been claimed that 3D models provide more robust predictions, and that the zdimension can be
an importantaspect of ecological pressure and response (Pisaturoetal., 2017). However, inthe case
of Pisaturo et al, the study was performed withina much larger river system of significant depth,
magnitude, and velocity. The continued success of studies utilising 2D models even in larger river
systems (Jowett and Duncan, 2012) leads thisinvestigation to propose thatin a smaller-scale system
such as Holden Wood, the 2D modelling approach is more desirable, requiring significantly less
calibration whilst also holding true to 2D assumptions such as simplistic z-dimension hydraulics. The
lesser requirements of the 2D modelling approach also entails easier transferability; a desirable
advantage given the aim of this framework to be appropriate in a regional context. Designed flow
regimes derived from model results and ecological considerations are based on the assumption that
precipitation patterns reflect typical annual precipitation. During particularly wet or dry years,
adaptive managementshould address cases in which proposed flows are not appropriate for current
conditions; perhaps flows must be reduced to baseline levelsduring droughts, or elevated flows must
be prolonged during wet periods when the reservoiris near capacity. During such extreme conditions,
the expertise of the water managers may adapt the regime accordingly, or flows may be set to pre-
defined values based on flow, similarly to 2017 outflows being defined by water level.

5.4.3 Individual species requirements — flow

Species flow requirements tie closely into habitat connectivity and persistence; the latter of which
most informed the overall environmental flow regime recommendations. However, the flow
requirements of individual species served to highlight the responsivenessof individual species to flow
magnitude changes in the modified system, and also showed species response within natural flow
ranges. This gave further insights into flow provision for individual species; for example Gammarus
pulex does not respond significantly to elevated flows, but is sensitive to low flows. One could
conclude from thisthat Gammaruspulex doesnot require highflows; it simply needs to be kept above
a certain flow threshold to remain at moderate HHS levels. The primary limitation to identifying
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individual flow requirements has been CASiMiR’s inability to consider the temporal aspect of flow,
such as the frequency or duration of flow events. This has meant that we cannot directly predict
speciesresponseto certain characteristics of the flow time series outside of magnitude. Although the
statistical analysis aspect of this investigation in Chapter 3 has had some success in identifying and
quantifying key ecological drivers, we are unable to directly predict species response to temporal
events with certainty, and thus cannot refine these aspects of flow to the same extentas we can for
spatial and overall river reach habitat quality predictions corresponding to a given value of flow
magnitude.

5.4.4 Individual species requirements — timing

Due to time and resource constraints, there are significant limitations in identifying the flow timing
requirements of the species present at Holden Wood; Cascade consultants seasonal sampling data
showing populationsacross Spring and Autumn have been the besttoolfor assessing requirements at
the Holden Wood site. Primary field work for this investigation was performed in autumn only, but
reflects species distributions found by Cascade in autumn, giving further confidence to the data
provided. In the seasons of winter and summer, this investigation has taken a risk-averse approach
due to lack of data, maintaining constant levels of flow that stay above thresholds particularto each
season. Winter allows for the lowest base-flow due to the lower levels of biological activity (e.g.
macroinvertebrate dormancy) that is typical to the season (Olsson, 1982), whilst in summer a
moderate base-flow has been set as biological activity is likely, though anumber of species may be in
flight. Such flows were decided using a combination of literature (see Section 5.2.4) and expert
knowledge.

With increased time and resources in a more extensive site-based investigation, ecological sampling
could be performed across all four seasons alongside ecological expertise to determine life history
timings (such as the time of year aspeciestakes flight), and flowregime couldbe tailored to individual
species across all four seasons. It could be argued however that the cost of this would outweigh the
benefit, given thatecologyis not sampled by the Environment Agency outside of spring and autumn
(and therefore the legislator focusis upon these seasons), is unlikely to be active in winter, and many
species may be on the wing or undergoing otherundetectable lifecycle stages for a significant period
over summer. Even if most species were present in the river during summer season, economic and
water security constraints likely would limit environmental flows overthis period, due toissues such
as increased water demand and risk of drought.

5.4.5 Habitat heterogeneity

The importance of habitat heterogeneity has been extensively explored by ecologists (Dunbar et al.,
2010b, Milleretal., 2010, Feldetal., 2014, Ward et al., 2002, Wiens, 2002). The core premise is that
in orderto host a diverse range of species, all of whom may have varying flow preferences, the river
channel must present a heterogeneous environment fora diverse set of speciesto populate. Once a
profile of habitat diversity vs flow is developed for a river, a critical threshold for diversity may be
identified and flow targets may be set. This could potentially be an effective first step in increasing
biodiversity in river systems across the UK and beyond. Thus, diversity of habitat has beenanintegral
consideration when assessing the interaction between flow and habitat within Holden Wood, and in
the development of an environmental flow regime.
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Shannon’s Index has been used widelyin ecology (Beisel and Moreteau, 1997), including as a metric
for habitat diversity. Application to the field of environmental flows, and more specifically reservoir
releases, is potentially anovel method of flow evaluation which has not been applied elsewhereto as
far as | am aware. The habitat diversity vs flow relationship shown in section 5.2.3 does not directly
apply to all rivers; indeed each river will have its own flow-diversity profile based upon channel
geometry. Inthe case of Holden Wood, diversity has peaks at 0.1m?3/sec, and is followed by a plateau
in diversity as the flow velocity range narrows (lower velocities are eliminated at higher flows). River
morphology may significantly alter this relationship; for example in wider rivers, flow magnitude
would likely needto be much higherto achieve a peakin habitat diversity,and the range of velocities
across the channel would likely be greater.

The implications of this are that the method of consideringhabitat diversity response to flow willneed
to be considered on asite-by-site basis. This would require flow and habitat modelling, and could allow
habitat diversity thresholds to be set across many rivers. Itis possible, perhaps even likely, that rivers
of a similar magnitude class and geometry would display similar diversity-flow relationships.
Confirming this is beyond the scope of this investigation, but if such a thing were the case,
approximate diversity flow thresholds could be set for all rivers within a given magnitude and
geometry class, derived from a single modelled site, following validation of this.

5.4.6 Habitat distribution, connectivity, and persistence

The importance of connectivity and habitat persistence have longbeen discussed as a key ecological
issueinriversystems (Junk etal., 1989, Poff etal., 1997). As such, these too have been akey object of
investigation and an important facet in designing Holden Wood environmental flows. The spatial
outputs CASiMiR provides forthe assessment of habitat connectivity and persistence, demonstrated
in Section 5.2.5, have been highly informative in identifying sensitive species within the system;
complimenting HHS graphs and providing further detail. For instance, the species Hydropsyche siltalai
is shown in the Section 5.3 to be sensitive to low flows in the modified flow regime, but has a
significant HHS increase during periods of elevated flow. Some explanation of thisis provided by the
spatial habitat quality results forthe species foundin Section 5.2.5; we see that reduced flow leadsto
increasingly lower flow velocities beginning at the edges of the river channel. Beyond a certain
threshold, connectivity downstream is completely lost and much of the observed river reach is
inhospitable to Hydropsychesiltalai. Such detail allows us to set thresholds as we can see from what
point connectivity and moderate habitat quality is lost; this is 0.02 m3/s in the case of Hydropsyche
siltalai.

As mentionedin Section 5.2.5, this approach is somewhat qualitative and formed only asmall part of
flow regime designin thisthesis (and was not published as part of the paperfoundin Appendix 1for
this reason). Itis possible that this method could be emphasised to a greater extent in flow regime
design; this may be particularly useful in more complex river systems in which habitat might be
influenced by flow in unexpected ways. Should spatial HSI information be applied to such sites and
utilised to communicate information to water managers and other stakeholders, amore quantitative
metric might be useful as a final output, in order to produce a result that is both more precise and
more rapidly understood, without the need for extensive explanation.
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Such metrics could be developed through the utilisation of image assessment software; this would
allow imagesto be broken downin terms of the spatial distributions of habitat provided by CASiMiR.
This would allow the characteristics of these distributions to be quantified using a range of metrics.
Software for such an approachis already available and it utilised within Ecology; a widely used example
of this is FRAGSTATS, a piece of landscape ecology software that has the specific goal of quantifying
landscape patterns (Kupfer, 2012). It is believed that such capabilities could be applied to the visual
outputs provided by CASiMiR.

The FRAGSTATS documentation (McGarigal, 2015) describes various metrics that may be appliedtoa
landscape; two categories are of particular interest to this thesis. The first are composition-based
metrics, referring to the variety and abundance of certain patch types (habitat values, in the case of
this thesis). Though this category is less directly relevant to connectivity, the metrics of proportional
abundance and evenness within this category could be powerful metrics in evaluating the
heterogeneityof habitat, the importance of which was discussed inSection 2.6.2, and which this thesis
guantifiedby anothermethodin Section 5.2.3. Proportional abundance is somewhat self-explanatory
in that it provides a metric of the abundance for a certain class (i.e. habitat quality) relative to the
entire mappedsite. Evenness onthe otherhandisameasure of the heterogeneity or homogeneity of
site conditions; an evenness of “1” would represent a perfectly homogeneous habitat across the
system, and would approach “0” the less homogeneous conditions became.The second category of
metrics are somewhat more complex to measure, but relate much more closely to habitat
connectivity. This category is spatial configuration, which is concerned with the spatial characterand
arrangement of classes within the site. Of particular interest to this thesis are the metrics of
aggregation and isolation. Aggregation measures the degree to which the values of a particular class
(again, habitat quality in this case) tend to clump together, and is concerned with the adjacency of
patches of a given class type; this clearly has significant overlap with the concept of connectivity,and
a higherlevel of aggregation would be expected to correlate with the connectivity of a particular
habitat. Isolation metrics are in contrast to aggregation, inthat they are concerned with the tendency
of patchesto be relatively isolated, or distant, from similar patch types. Again, such a metricwould be
expectedtorelate closelyto connectivity, this time in aninverse manner, as isolated patches of habitat
are the very definition of a lack of connectivity (McGarigal, 2015).

The metrics described, provided by software such as FRAGSTATS, would provide quantitative indices
by which to assess the impacts of flow regime alteration, rather than relying upon the subjective
interpretation of visual outputs. This would be highly advantageous, as thresholds for particular
metrics mightbe setin orderto inform flow regime recommendations. Forinstance, if flows at a site
were being increased, a water manager may utilise aggregation metrics in order to identify the
aggregation levelthat satisfies the ecological requirements atagivensite. If itis desirable for flowsto
be reduced, the isolation metric may be used; perhaps flows could only be reduced to the pointof a
setthreshold levelofisolation foranimportant habitat type. Where these thresholds would be setis
a matter of debate, and would likelyrequire a degree of experimentationand investigation within the
ecohydraulics community in order to reach a consensus on this matter, and it is expected that no
universal thresholds would be ideal; optimum thresholds would be subject to the class of river and
the priorities of water managers and stakeholders at a given site.
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5.4.7 Environmental flow design

Flow requirements of indicator species presented in the Methods show that generally, atthe ranges
of flows studied, there are diminishing returns of predicted habitat quality responseto increasing flow
at the study site. Beyond 0.07m3/s a reduction in responsiveness is observed, and beyond 0.09m3/s
HHS is generally beginning to plateau. This implies that magnitude increases, based solely upon
species preference curves relating flow to HHS, are not an efficient solution for the ecological
improvement of a system at the flow ranges studied at the Ogden Brook site, and becomes
increasinglylessefficientthe longerthe flowis maintained. Currentimpoundment outflowsat Holden
Wood do not demonstrate a consideration for seasonal variation in productivity and taxon
composition; this study has proposed that a criterion-based flow design may target the key ecological
timingsfora system, and provide less flow at othertimes such as biologically less active periods (e.g.
winter) or periods when stricter water resource conservation is necessary (e.g. summer). Allocating
flows in this manner may allow for ecological provision that both improves ecological metrics, and
also addresses the conflict between environmental flows and the societal need for water resource
conservation. In contrast, uniformincreases to flow lead to small improvementsin ecological metrics
yet disproportionately high flow expenditure, as has been the case between 2014 and 2017 Holden
Wood compensation flows. Re-allocation and optimisation of flow releases in designated regimesare
able to meet or exceed historical flow HHS values at key times, provide in amore varied flow regime
(beneficial in principle but difficult to quantify within the scope of this project), and retains large
guantities of water for other uses.

This retention of large volumes of water, whilst causing little change in terms of average HHS (as seen
inTable 5.6 in Section 5.3), might raise questions as to the sensitivity of the HHS metric. Although HHS
changes little in terms of annual averages, with changes of 0.06, 0.01, and 0.02 from 2017 flows, to
Regime A, to B, to C, respectively, it can be observed in results such as Figure 5.12 that changes on
short timescales are far more significant, for example with a HHS change of 0.2 during autumn and
spring maxima and minima flows in Regime A. This demonstrates that HHS is indeed responding to
flow changes. Little change in annual average HHS, despite a large reduction in flow, is due to the
more adaptive flow designation implemented within RegimesA, B, and C; flow is utilised in such a way
so as to maximise HHS during key periods, withthe trade-off of reducing HHS during lessvital periods.
As mentioned previously in this discussion, maintaining moderate levels of HHS throughout the year
(as seen in 2017 outflows) requires a large quantity of flow. In contrast, elevating HHS to high levels
forkey periods, with fluctuations in flowfor the sake of flow heterogeneity, and allowing HHS to drop
tolowerlevels atlessimportant times of year, requires much less flow whilst not having a significantly
detrimental impact on the annual average HHS.

The above said, there are some sources of uncertainty to be aware of when utilising HHS, and these
primarily stemfrom the assumptionsinherentto the metrics fromwhichitis derived; HSland WUA.
The assumptions and limitations of HSI are discussed in Section 4.7.2. WUA shares the assumptions
and limitations of HSI, but also assumes that the greater weighting of higher HSI values, multiplied the
extent of wetted area each HSI covers (as seeninthe equationin Section5.2.3), provides a metricthat
is proportional to the abundance of the target biota. This assumption has been found to be valid in
other studiessuch as Kelly etal., 2014, althoughKellyetal. (2014) did find that WUA did not have a
1:1 proportion with biotaabundance; it tended to underestimate biota response to flow. This is likely
due to the limitations of the habitat suitability methods commonly used, as was discussed in Section
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4.7.2 regarding HSI. The HSI metric, which directly influences WUA, was found to be proportional with
target biota abundance, as seen in Section 4.6.2. However, lacking the opportunity to validate
predicted changes in HSI in response to flow with actual changes in biota abundances, this thesis
cannot directly attest to the sensitivity of HSI under changing flow conditions.

HHS itselfis simply a normalisation of WUA. As such, the conversion from WUA to HHS removes the
influence of the river’'swetted area. Thisis generallyseenas advantageous (Schneideretal., 2010), as
the added factor of wetted area can lead to inconsistent index values; for example, a small but high
guality area of habitat received the same value as a larger but poorer quality habitat. The one
assumption of HHS this study makes in addition to those already present for WUA, therefore, is the
assumptionthatchangesin wettedareaacross arange of flows are not exerting a significantinfluence
upon the ecosystem that is distinct from other changesin habitat quality. Thisis seenas validin the
system studied; extreme changes in wetted area were not observed (for instance, the river almost
dryingup), and therefore ecological influence is expectedto be primarily derived from changes in flow
velocity. Casesin which the assumption might be said to be less valid could include instances where a
river overflows its banks, or where flow is greatly reduced, resulting in significant changes to the
wetted area. Itisalso possible that the extent of wettedarea may be usefulinformationin largerivers,
where wetted area may vary greatly dependingupon flow. | believe that HHS is a valid metric within
small to medium scale river systems, and further, due to normalisation, HHS can be directly compared
between systems (Garbe and Beevers, 2017). Given one of the goals of this thesis being to promote
transferable methodologies, HHS holds a significant advantage over WUA in this regard.

The homogeneity of steady regimes not only requires disproportionate volumes of water relative to
the HHS achieved, but also reduces the range of flow (and thus habitat) conditions at a site. Section
5.3 demonstrates this; 2017 outflows resultin peak HHS values most similar to Regime C, despite
releasing more than double the quantity of water throughout the year. Again, this supports the
premise that such flows may release a great deal of water, yet do not address important ecological
requirements. Variation in flow and more naturalised high pulses influence the physicochemical
properties of the riverine system such as the sediment and thermal regimes, nutrient content, and
water pH, and such flows may influence species populations by preventing the dominance of single-
flow specialists (Petts and Gurnell, 2005, Richter etal., 1996). Frequent periods of elevated flow also
generate greater diversity of habitatin areas of previouslyhomogeneouslow flows. As greater habitat
diversity facilitates greater biodiversity (Ward et al., 2002), flows throughout spring and autumn
periods in designated regimes would in principle be expected to improve biodiversity metrics,
assuming the periods of low flow between intermediate and maxima do not remove established biota.
High flow pulses also aid in river connectivity, transferring nutrients between the main channel and
periodically wetted areas (Junk etal., 1989, Junk and Wantzen, 2004), as well as varying connectivity
between differentriversectionsthat may be separated by barriers such as weirs (Shaw et al., 2016).
Lacking such mechanisms, itis unlikely that the functional composition orlevel of biodiversity within
current modified systems will resemble that of their natural counterparts ( Gillespie etal., 2015a, Poff
etal., 1997).

Results suggest that preference curvesalonegive alimitedview on the impact of flow upon ecological
response. Consideringthe impact of flow magnitude based upon the flow requirements of individual
species is only one aspect of ecological health within a complex interacting system; habitat
heterogeneityand temporal flow variationare key factors which may be overlooked whenconsidering
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physical habitat suitability based upon flow magnitude alone. Increasing flow magnitude does not
always result in ecological improvement; its benefits may plateau or increases may become
detrimental to some species at higher ranges. Flow event durations and frequencies may play a key
ecological role, creating more temporally heterogeneous environment where asingle species cannot
dominate (Levin, 2000), driving sediment transport mechanics and theirassociated impacts (Kondolf,
1997), driving connectivity of the river with the surrounding flood plain (Junkand Wantzen, 2004). In
an attempt to better naturalise the flow in proposed regimes, this study adopted flow characteristics
from regional rivers of similar magnitude. While approaches such as Before/After, Control/Impact
utilise site-specificreference sites, this study is not aware of typical regional conditions being utilised
asa more general indicator of natural conditions,and we suggestthat this approach may be integrated
into environmental flow assessment methods in cases where systems are relatively similar.

Whilst raw flow magnitude has a very substantial influence upon benthic ecology, the temporal
aspects of flow such as frequency and duration of events, based upon local natural trends, should in
principle provide ecological provision better suited to ecological requirements. Systems with
homogeneous flows have demonstrated decreased biodiversity (Wiens, 2002), and it is unlikely that
flow magnitude divorced from natural conditions can ensure a healthy ecosystem capable of meeting
ecological targets (Acreman et al., 2014). A key challenge to the implementation of environmental
flows has beenthe increased laboursuch flow designs would entail. A transferable framework based
upon general regional principles, such as that proposed in this study, could help to alleviate some of
these labour requirements by allowing environmental flows to be designated efficiently across
numerous small-scale sites with minimal adaptation between them; sites which may otherwise be
unfeasible for restoration on a specific case by case basis. The similarity of natural river system
behaviour observedin the North West of England lend support towards this possible transferability,
though further research and flow experimentation would be necessary to confirm this with
confidence. Initial work may be required to validate the transferability of certain aspects of flow
regime design, such as the relationship between flow and habitat diversity discussed in Section 5.4.5,
but this study stipulatesthat if transferability between similar systems can be validated, the efficiency
of restoration measures can be significantly increased by dealing with systems on a class-by-dass
basis, as opposed to site-by-site.

5.4.8 External variables

This investigation has briefly detailed some of the primary external, ecologically -influential variables
expected to be encountered within the riverine system in Section 5.2.6. Whilst it is outside of the
scope of thisinvestigation to quantify or predict how these variables may alter ecological response, it
isacknowledged that the influence of thesevariablesis a potential source of uncertainty, and we have
outlined the ways in which these variables may impact the ecosystem. This investigation
acknowledges that environmental flows are one aspect of influence upon the riverine ecosystem;
otherissuessuch as sedimenttransport (anissue associated with reservoirimpoundments) must also
be properly assessed and mitigation measures decided within a holistic context. Such measures must
be implemented (ordisregarded due toimpracticality) if asystemis to meetthe legislatory target of
Good Ecological Potential.

There is a limit to what can be asserted about external variables, however, due to the complex
interplay of all variables within the river. We have discussed already the challenges presented in
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riverine study due to the open systems these waterbodies present to us. External variables (and
indeed hydrologicalones) all influence and feed into one another. Hydrological events alter sediment
transport and storage, which in turn may alter river morphology (among other things), leading to
further changes to flow, which again influences sediment, and so on. Such feedback may magnify or
counteractthe original causal event, leading to complexitiesand nuances far outside the scope of this
project. Thus, we must rely on general principles accepted by ecologists and hydrologists regarding
such variables (e.g. McCabe, 2010), and, as described in Section 5.2.6, attempt to minimise the
influence of external variablesin this stage of the research in orderto construct the foundations of an
approach to environmental flows that can later be built upon and adapted to address further
complexity. This could be accomplished through the tools made available in CASiMIR, such as the
ability to consider species preferences of sediment, or the use of fuzzy logic, as described in further
detailinSection 6.2.2. The extensive quantification of such variables and theirinteractions with flow
and ecology would require significant investigation in and of itself, and could be a subject of further
research.

5.4.9 Outcomes and Implications

The framework by which an overall environmental flow recommendation using predictive modelling
has been developed forthe case study site, Holden Wood, has been discussed. The outcome from this
frameworkis aflow regime thatrecommends flowevents ata given duration and frequency over two
seasons of the year, spring and autumn, whilst setting low flow thresholds across the other two
seasons, winterand summer. | have discussed the rationale behind these flowrecommendationsand
the limits inherent to our assessment methods. There are also limitations in the application and
transferability of the overall framework which must be considered, along with potential options for
the mitigation of such limitations. This work has demonstrated the feasibility of 2D predictive
modelling of ecohydraulics in developing solutions to the anthropogenicimpact of flow m odification,
and meeting new environmental legislation as the understanding of the relationship between flows
and ecology continues to develop. This investigation presents the initial steps in such an endeavour,
and does not presume to be a complete solution. As has been mentioned, meeting GEP is a holistic
undertaking that will require the assessment of all potential impacts brought about by water body
modification. However, studies such as this bring us ever closer to meeting such targets,
demonstratingto legislators that water utilities are in the process of considering mitigation measures,
and also building up firm basis for continued investigation and resources to be directed towards this
manner of investigatory framework.

A primary limitation of this frameworkisthat it is not a “stand-alone” mitigation solution; it must be
integrated into an overall holistic water management framework. This limitation will be partially
mitigated should future work expand upon the use of predictive modelling for the development of
environmental flows; with more time and resourcesit will be possible to integrate sediment transport,
shade, local geology and other variables into an ecological model. This would come at the cost of
increased data requirements and computational power demand, however. “Over-engineering” a
model may hindera model’s ability to predict outside of observed conditions, thus there is a balance
to be struck between model complexity and feasibility, and other solutions alongside modelling may
be required. Data demonstrates that average HHS changes little, likelybecause a majority of the time
series is similar (summer / winter), but there is significant change in the range of HHS values. Peak
HHS increases significantlyover Target valuesin all three suggested regimes. This is significant as peak
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HHS represents four weeks of the year, with eight further weeks of the year being at elevated but not
peak HHS, and spring/autumn seasons are highly ecologically important.

5.4.10 Cost analysis

Implementation of the flow regimes recommended in this investigation would have their associated
cost or savings primarily based in loss or gain of water yield for use by United Utilities, relative to
current operations. Capital-associated costs should not be a factor, as no further engineering
development should be required for these flow ranges. Costs of water yield for environmental
solutions, assuming the HMWB services are not compromised, are significantly cheaper than
engineering capitalexpenseinthe shortterm, and in many cases where historical compensationflows
have been set, savings may be made through flow release reductions. Below in tables 5.8 and 5.9,
changeinyieldis costed and compared with the capital-associated cost of an engineering solution,a
fish pass installation, to put these price magnitudes into relation with other water management
operations. Difference in flowfrom designerregimes is calculated by the 2017 overall annual outflow
from Holden Wood, 1,180,460m?.

Table 5.8: Approximate water yield, based on industrial standard cost per megalitre (ML)

Flow Regime Reduction in Water Cost per Annual Gain in Gain over AMP
Flow (m?) ML (1,000m?3) (£) Yield (£) cycle (£)
A (924,480m3) 255,980 1,000,000 255,980,000 1,279,900,000

(Industrial standard
price used in most
utility cost-benefit
B (721,440m?) 459,020 analysis, based on 459 020,000 2,295,100,000
cost of infrastructure
development to
transport water to
C (565,488m?) 614,972 requiredareain the 614,972,000 3,074,860,000
event of water
shortage)

Table 5.9: Approximate costs for fish pass installation, taken from a UU Cost Benefit Analysis by Grontmij (2013)

. Embankment Height (m)
Fish pass type

5 10 15

Alaska Project Cost £ 6,193,479 £ 7,510,634 £ 11,128,399
Cost/m £ 1238696 £ 751,063 £ 741,893

Larinier Project Cost f 6,112,861 £ 7,457,347 £ 10,638,230
Cost/m £ 1,222572 £ 745735 £ 709215

Pool and ProjectCost £ 6479127 £ 9417739 £ 13,567,758
Traverse Cost/m £ 1,295825 £ 941,774 £ 904,517
Fish Lock Project Cost £ 7,431,521 £ 11,409,155 £ 15,268,921
Cost/m £ 1,486,304 £ 1,140,915 £ 1,017,928
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It must be noted that the figures in Table 5.8 correspond to industrial-standard pricing of £1 million
per megalitre of water, which considers the cost of contingency infrastructure for watertransportin
the event of awatershortage (for example pumping the water from elsewhere); these yieldstherefore
do not translate directly into profit; actual cost of water in the UK is £1.50-3.00/m?3, depending on
household or industrial use. However, these figures can be interpreted as potential savings due to
increased water security, avoiding the need for extremely costly contingencies in an increasingly
water-stressed country that could be expected to see watershortages within 25 years undercurrent
water management practices (BBC, 2019). It is therefore reasonable to base water costs in these
terms. As can be seen in this comparison, significant savings may be accumulated over a number of
years, and within one or two 5-year Asset Management Plan (AMP) cycles sufficient savings could be
made to investininfrastructural needs within the region. O perating costs for engineering would also
add to the cost over time of engineering works. These results suggest that addressing flow
modification through environmental flow regimes is an efficient solution to flow impoundment
ecological pressures which could resultin financial gain in the long-term, particularly when considering
the consequences of unsustainable water management practices. The difficulty, however, lies in
developing such regimes with the current available knowledge within the field. As und erstanding and
methods continue to develop in this field, there may be a proliferation of environmental flow
investigations at modified sites, both due to the need to meet legislative targets, and due to finandal
incentive.

5.4.11 Further Implications

This Chapter demonstrates the use of 2D hydro-ecological modelling and its potential, particularly for
small-scale sites where vertical complexity is minimal and an efficient approach is necessary due to
resource constraints. A significant outcome from this study has been the demonstrated potential for
significant quantities of waterto be conservedthrough designer regimes, whilst anticipated ecological
response should be improved, both due to criteria-based flow allocation and greater naturalisation of
the regime. Regimes A, B and C promote ecological provision, with varying prioritisations. This
demonstrates the utility of this approach;itis possibleto define design criteria, which may be adapted
to accommodate water demands and diverse interests of stakeholders present within a given system.
Should this method be validated by physical flow experiments, itis believed that such flows could be
applied regionally to similar river systems with minimal field investigation requirements. Such
transferability may allow for smaller scale impoundments across the UK to implement environmental
flows, where previously this was unfeasible due to the quantity of impoundment systems and the
intensity of labour required to assign environmental flows to individual sites.

This framework currently focuses upon application for sites impacted by impounding reservoirs; it
could be possible to adapt it for use in other site restoration assessments such as hydropower-
impacted s sites by incorporating the unique challenges and priorities of the given modification into the
design stage of the environmental flow regime. An example of such a consideration would be the
necessity of disruptive high flows from hydropower releases; perhaps a regime design for such an
application may focus upon dampeningand prolonging these high flows accordingto what s feasible
without compromising the service of the dam. It is also acknowledged that flow is not the sole driver
of ecological response, and other stressors such as water chemistry likely play a significant role at

118



many sites. It has been suggestedthatthe diverseinfluences of riverine ecology must be studied both
through short-term mechanisticexperiments and long-termexplanatory studies inorderto more fully
understand this complex web of interactions (Laini etal., 2018). Changesto climate and land use are
also driving further changes in ecological metrics (Li et al., 2018). As understanding of these
interactions grows, it would be possible tointegrate further mitigation methodsinto the framework
presented in this study. The ability to integrate ecological requirements according to context, and
make adjustments according to new knowledge, offers significant utility within this framework.

5.5 Conclusions

This study has presented a methodology by which a study site is assessed and environmental flows
are proposed based upon acombination of species responseto flow (through preference curves), the
influence of magnitude upon habitat diversity, and typical unregulatedregional flow characteristics in
orderto forma holisticecological solution. Results suggest that uniform increases in magnitude over
long periodsresultindisproportionately little ecological benefit relative to volume of water released,
and affirms the use of optimised and targeted high flow events. Though there is a rich literature
detailing the concepts considered, | am not aware of any studies suggesting a similar approach by
which such acombined range of flowrequirements within a particular site, and potentially re gion with
furtherdevelopment, may be assessed. Poffetal.(2017)’s update on the evolution of environmental
flow science discusses progress in almost every area, but there is not yet a unified approach to
environmental flowassessment. They emphasise the need to extend from alocal scale to basin-scale
perspective (Poff etal.,2017). Previous regional frameworks have beenattempted, but generally have
used singular metrics of habitat suitability (Ceolaand Pugliese, 2014). More recently, aframework for
the strategicallocation of waterin orderto balance environmental flows and societal needs has been
proposed (Sabzi et al., 2019), but within the scope of generalised “environmental considerations”
which must be determined on a case by case basis.

Amidst this rapidly developing field in which numerous frameworks and methods for environmental
flow assessment are emerging, this study presents a novel approach towards efficient annual flow
regime designation by bringing together flow and habitat suitability modelling tools, in combination
with trait-based analysis, in order to assess the potential ecological effects of varying flow regimes
withinariverreach. The approach has scope for regional transferability for sites of similar scales due
to their anticipated similarity of response, though this would first require validation through further
research. Many previous studies have focused upon specific ecological response from a given study
site, or have focused upon the conceptual development of particular aspects of ecological response;
this study has attempted to draw together knowledge accumulated through recent academic
progress, and combines this with the considerations of practical constraints and stakeholderinterests
faced by the water industry. This therefore offers the first steps towards a potential regional water
management solution addressing the issue of impoundment-modified flow impacts considering both
ecological wellbeing and water resources conservation. Thereis scope for this framework to be scaled
up to larger river systems, though this would require the incorporation of other variables significant
at such a scale, such as substrate type and variation and the sediment transport regime, in additionto
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greatlyincreased topographicdatarequirements. Fishmay also be consideredin CASiMiR should they
be present in the system. This investigation suggests that 2D habitat modelling remains a tool with
great potential when incorporated into such holistic practices, and shows great promise as water
managers move into transferable, regional-focused forms of investigation.
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6. GENERAL DISCUSSION

6.1 Introduction

Chapters 3, 4 and 5 have described two complementary approaches by which the relationship
between flowand ecology, inthe context of flow modificationthrough impoundment of river systems,
was investigated. Firstly, as described in Chapter 3, desk-based analysis across multiple sites was
utilised in order to identify potential regional, general principles based upon flow characteristics
(Richteretal., 1996) and ecological metrics (Extence etal., 1999, Petchey and Gaston, 2006). Findings
from this analysis informed the second approach, in which this investigation explored the use of a
methodology by which environmental flow regimes for a site may be designated through a
combination of 2D hydraulic-ecological linked modelling and existing ecological principles, with
developmentdescribedin Chapter4 and application described in Chapter5. Chapter3 informedand
supplemented the environmental flow regime developmentin Chapter 5through the identification of
temporal ecology-flow dynamics that are not described through the modelling approach alone. A key
aim of this thesis was to provide further understanding and solutions for environmental flows with
utility and transferability; the methodology was tested at a case study site but demonstrates
significant potential for broaderapplicationin a regional context within rivers of a similar scale, with
the possible potential for scaling up. This Chapter will discuss the key findings of this investigation,
how findings compare with existing literature within the field, implications of the research, and how
the research might see broader application in a future where both water resources and ecological
systems are increasingly stressed (European Commission, 2000, BBC, 2019).

6.2 Chapter Discussion

6.2.1 Discussion of findings for Chapter 3

Chapter 3 aimed to answer research questions 1 and 2 initially proposed in Chapter 1:

1: How can ecology-flow interactions be better understood in an efficient and transferable manner?
2: What specific flow drivers are eliciting an ecological response?

A desk-based analyticalapproach by which ecology-flow relationships might be derived has previously
been utilised in literature (Gillespie et al., 2015b), though results from such studies have so far have
been inconclusive. Studies have called for more research to be performed, with a focus upon
transferability, in orderto overcome the challenges associated with rive rine investigations (discussed
in Chapter 2) and contribute towards the overall knowledgebase and thus aid future meta-analyses
(Poff and Zimmerman, 2010, Konrad et al., 2011, Gillespie et al., 2015b). Chapter 3 assessed river
systems within a particularrange of conditions; Monk (2006) proposesthat magnitude isa dominant
variable that masks the influence of other flow characteristics if site comparisons vary overtoo great
a range of magnitudes. Due to the role of magnitude as the primary driver of riverine morphology,
and regulator of other systems such as the sediment regime (Kondolf, 1997), the investigation in
Chapter 3 explored sites within adefined range of magnitudes (0.5-4.3m3/sec). Within this range, the
“masking” of the magnitudevariable was minimised, and therefore theinfluence of otherdrivers such
as the temporal characteristics of flow could be assessed. The investigation also focused upon a
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particular geographic region, Northern England, in order to ensure that sites shared a degree of
similarity in terms of climate and geological conditions, allowing fora higher degree of comparability
between sites (Arthington et al., 2006, Monk et al., 2006) by “controlling” as many variables as
possible and thus reducing the masking of significant ecology-flow relationships. That said, this study
acknowledges that some differences between sites do exist between sites across northern England,
and should one desire even greater similarity between sites a more selective process would need to
be undertaken duringsite selection. This may, however, greatlylimit the amount of data available for
analysis. Rivers with significant water quality issues were also discounted from the investigationin
orderto limitexternalinfluences upon the ecosystems being assessed. Constraining the investigation
through lessons previously learned in literature has resulted in an approach that can be appliedtoa
particularregion and magnitude range to generate results capable of being compared within a wider
knowledge base. Itis therefore proposed that Chapter 3 providesan answerfor research question 1;
desk-based and data-driven investigation within aframework constructed with a good scientific basis
is capable of analysing ecology-flow interactionsin an efficient (not overly labour-intensive, yet with
reliable results) and transferable manner. Results from Chapter 3 are a demonstration of this, and in
turn help to answer research question 2.

In the Chapter, statistically significant flow drivers were observed to be influential both upon
functional composition and biological diversity. These relationships varied between seasons. The two
influential flow characteristics identified were the annual frequencies of high and low flow events,
these beingthe upper 25® percentile and lower 25" percentile of annual flowrespectively. Few other
studies have identified statistically significant relationships between flow and macroinvertebrates;
partly due to macroinvertebrates being less commonly investigated in such studies relative to other
indicators such as fish (Gillespie et al., 2015b), and partly due to the methodology for such
investigation still being developed, leadingto metaanalysesthat have attempted to draw such general
relationships beingunableto do so due to difficultiesin transferability between methodologies (Poff
and Zimmerman, 2010). Because of this, there are few studies to contrast the findings in Chapter 3
with; Gillespie etal.’s (2015b) review of 76 studies comparing ecological response and flow revealed
that the majority of studies (55) focused upon magnitude-based modification, whilst the remainder
focused upon the cumulative impacts of flow modification; the literature review reports no typical
ecological responses to aspecificflowvariable, otherthan magnitude. This thesis identified a potential
significant relationship between macroinvertebrate responseand flow event frequency; section 3.4.2
of Chapter 3 discusses the significance of high and low flow events and the possible mechanics by
which these events drive ecological response.

As mentioned, the possible reason for previous studies failing to observe significant ecological
responses could be due to the masking of individual variables due to the dominance of flow
magnitude, or due to methodologies not yet implementing the regional and class-based analytical
approach that has been suggested by studies such as Arthington (2006) and Monk (2006). Some
studies have utilised other approaches, such as investigating the impact of sudden flow increases in
the context of hydropeaking (Cereghino et al., 2004) in terms of taxon drift; such investigationsdo not
identify specific ecology-flowrelationships, but provide useful water management information within
their particular context. A majority of studies over the last decade are site-specific case studies
involving flow experimentation (Gillespie et al., 2015b). Studies that have utilised desk-based
approachessuch as IHA often demonstrate the presence of significant flow modification, but do not
encompass quantitative ecological response within the scope of the study (Zhang et al., 2014); this
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demonstrates the relative infancy of this field that is still in the process of methodological
development. Chapter3therefore presents a potentially novelanswerto research question 2, “What
specificflow drivers are elicitingan ecological response?’ thoughit is by no meansa comprehensive
one. The observationswere made within the context of sites in NorthernEngland, withinthe particular
magnitude range utilised, and without the presence of significant external pressures such as water
quality issues. However, the findings in Chapter 3 are likely to apply to a broader range of systems,
given the fact that species utilised within the analysis are prolific across many riverine systems. The
findings therefore represent a significant step forwards in understanding ecology-flow relationships,
and further study might test the relationshipsidentified in this thesis within otherriversystems. Itis
hoped that future studies may utilise the framework proposed (or an adaptation of it) in order to
continue to generate regional ecology-flow relationship data that may in turn inform broader meta-
analyses and environmental flow implementation.

The methods utilised in Chapter 3 could be utilised by water managers, regulators, and utility
companiestoidentify key flow drivers within agiven region. This would enable an assessment of the
appropriateness of current activities resulting in flow modification by suggesting how likely flow
alterationisimpacting native downstream riverine ecosystems; outputs from such analyses may also
inform water managers how current activity might be alteredin order to generate more ecologically
beneficial environmental flows. As demonstrated by thisinvestigation, such desk-based analysis may
form a foundation for more focused study such as a modelling approach within a river system.
Upscaling the approach of this investigation would entail a greater time and possibly resource
investmentin orderto obtain a greater quantity of data; the approachitself would largely remain the
same. There would be limitations to the extent the approach could be scaled, however, due to the
necessity of constraining data within particular criteria (for example, magnitude ranges or geographic
area), and due to the limited amount of data of this nature available (as discussed in Chapter 3,
synchronised flow and ecological data is not common). Therefore investigations would be limited to
increasingthe number of sites within agivenregion (depending upon data availability), or expanding
the criteria or geographical area assessed, though this may compromise the robustness of results.
Alternatively, studies with significant time and resources could perform an analysis across multiple
regions simultaneously. For example, while Chapter 3 only assessed Northern England, a larger
assessment might analyse Scotland, Northern England, Wales, and Southern England as individual
regions, and then perform a meta-analysis between these regions.

In addition to answering research questions 1 and 2, Chapter 3 also informed approaches used in
Chapters 4 and 5. Within the flow range studied, Chapter 3 implies that temporal flow variables are
as important, perhaps even more important, than flow magnitude. Due to the statistically significant
influence of temporal flow drivers suggested that habitat quality modelling alone (based upon
magnitude ata given pointin time)wouldnot sufficiently predict the ecological impact of altering the
hydraulicconditions at the Ogden Brook study site, and therefore the flow regime design process was
expanded to encompass temporally-related flow characteristics.

6.2.2 Discussion of findings for Chapter 4
Chapter 4 aimed to answer research questions 1 and 3initially proposed in Chapter 1:

1. How can ecology-flow interactions be better understood in an efficient and transferable manner?
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3. How can localised hydraulic requirements of taxa be translated into an ecologically beneficial
flow regime?

In this Chapter both a hydraulic and ecological model were developed, calibrated, and the outputs
were tested. They were linked together in order to predict ecological response to varying flow
conditionsinthe form of the habitat suitability metrics HSl and HHS, as described in Chapter 4. Habitat
suitability modelling has been using previously within modified systems (Doledec et al., 2007,
Merigoux and Doledec, 2004, Hatten and Parsley, 2009), but these studies tend to focus upon
detecting particular responses from biota, or identifying the most influential hydraulic parameters
within the model, whilst acting as a foundation for future development in water management
approaches. This Chapter focuses more upon the potential of modelling directly within a water
management context, working towards the optimisation of flows to both meet ecological objectives
and conserve as much water as possible within the impoundment and in turn directly informing
proposed flow regimes for a case study site. The merits of this approach for such a use is discussed,
and the calibration and process is demonstrated. Chapter 4 acts as a foundation for Chapter 5 to
expand uponinterms of model outputs, asit presents the study site and demonstrates the reliability,
as well as the limitations, of the model developed.

The Chapter offers another answer for research question 1, presenting the modelling approach as a
potential analytical tool by which the relationship between ecology-flow interactions may be better
understood. This approach has been utilised previously, for example in in a site-specific context for
hydropeaking (Pisaturoetal., 2017), but has yetto be proposed for wider applicationas an alternative
to typical approaches such as BBM (described in Chapter 2). The modelling approach potentially has
significantadvantages over the workshop-driven BBMapproach, particularly in the context of smaller
scale systemswhere the human resource requirements of BBMare likely to be unfeasibleand overly
site-specific; an approach that can be performed by asingle individual or small team, with a degree of
transferability to potentially be applied rapidly to similar systemsin the local region, is possibly a more
appropriate solution when addressing environmental concerns at this scale. Additionally, moving
towards a more criteria-driven and quantified approach towards environmental flow designation
through specific metrics such as HHS would allow for the development of implementable prindiples
across sites that might be actioned by water managers without the need for expert opinion, which
may not be readily available and is not as readily justifiable (e.g. through definite results such as
habitat suitability responses). Following studies that have emphasised the need for transferability and
regional-based analysis (Gonzalez and Garcia, 2006, Arthington etal., 2006, Alcazar and Palau, 2010),
thisinvestigation proposes that frameworks such as the modelling-based form of assessment utilised
in Chapter 4 may become increasingly desirable as an option to assess multiple sites in a resource-
efficient manner, both due to pressures imposed by legislation (European Commission, 2000), and
due to methodological and computational improvements within the field (Schneider et al., 2016).

Chapter4 also partially answersresearch question 3, translating the hydraulicrequirements of taxa at
a local scale into metrics that may be interpreted to inform an overall flow regime in terms of flow.
Chapter 5 expands upon this by describing how flow might vary over time within an annual regime,
discussed later. Chapter 4 discusses how the flow requirements of taxa, in the form of preference
curves, are inputted intothe ecological model CASiMIR, these preferencesinteract with the hydraulics
fora given flow input, predicted by SRH-2D, which generate habitat suitabilities in the form of the HSI
metric(Oldham etal., 2000). HSI can be spatially assessed throughthe interface provided by CASiMiR,
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or can be reduced to a more general site-wide indicator of ecological response through the further
HSI-derived metrics the software provides; WUA or HHS. This investigation utilised HHS as a
dimensionless metric by which the entire modelled site can be assigned a quantified value of habitat
guality. WUA and HHS have been used in other studies such as (Kelly et al., 2015) in order to assess
ecological response to changing flow conditions. In this investigation, HHS is proposed as a potential
answer to research question 3, accounting for the hydraulic requirements of taxa either individually
or on average. The robustness of HSl is demonstrated in the outputs of the CASiMiR model, wherean
agreement between HSI and observed population numbersat the site is demonstrated. Therefore, the
HSI-derived metric of HHS is expected to be an effective tool for site assessment, though spatial
habitat distributions may also require analysis to ensure desirable habitat distributions (e.g. ensuring
HSl is notskewed by arelatively smallbut very high quality area). CASiMiR provides tools to make this
assessment rapidly, so this requirement is not a significant issue.

This investigation suggests that site-wide ecological metrics such as WUA or HHS could have the
potential to be used effectively for the restorative assessment of sites, when considered alo ngside
spatial outputs. Such metrics allow values of flow to be related to a single-value variable (e.g. HHS)
andtherefore theoretical optimum values of flowcan be proposed within a range of flow values. Such
an approach may forgo the need for time- and labour-intensive in-stream flow experimentation, or
the necessity of expert opinion across various disciplines. However, as discussed, flow values alone
are not the only drivers of ecological response; ecosystems are also influenced by the variability of
flow with time. Consequently, predicted HHS-flow relationships may be used to propose theoretical
flow thresholds such as maxima and minima, as discussed in Chapter 5, but cannot by themselves
constructthe entire regime. While the use of metrics such as HHS is proposed as an answer to research
guestion 3, such metrics are to be used alongside other criteria such as temporal requirements in
order to create a holistic framework for flow regime designation. That said, magnitude of flow is
certainly a principal driver of ecological response and is the primary variable under the direct control
of site operators; an appropriate magnitude of flowacts as the foundation for a suitable habitat, which
they then be adjusted based upon temporal variation inherent to natural systems.

The findings in Chapter 4 primarily demonstrate the potential of hydraulic-ecological linked modelling
at the chosen case study site. Although there is some uncertainty inherent to predictions of channel
hydraulics (Acreman et al., 2014), and a degree of error associated with depth-averaged velodity,
utilised in this investigation. HSI predictions were found to be in generally good agreement with
observed species populations taken from field kick samples, with weakening relationships at higher
HSI values due to external drivers such as biological interactions (discussed more fullyin Chapter 4).
This could be used as evidence to promote the use of such amethodin other studies operatingwithin
river systems of a similar magnitude class, partly fulfilling an aim of this investigation which was to
offer a transferable approach to environmental flow designation particularly for smaller-scale yet
numerous flow-modified systems.

Scaling this methodology up to assess higher magnitude classriversystems would very likely require
adaptation of the approach, which may entail a greater investment of time and resources. In-field
velocity measurements would require multiple readings across the depth at each point due to the
more influential and variable component of vertical velocity in water bodies of greater depth,
therefore providing more robust depth-averaged velocity calculations. Larger systems may host a
greatervariety of biota, and therefore the type of indicator species selected must be considere d; fish
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may be presentand act asanimportant aspect of the ecosystem (Cheimonopoulou et al., 2011, Harris,
1995), or macrophytes might be used foranalysis as in other studies (Onaindiaetal., 2005). CASiMiR
allows for the assessment of fish, and a specialised package for CASiMiR, CASiMiR-vegetation
(Benjankar et al., 2012), allows for the assessment of macrophytes. Additionally, larger systems will
likely present a more heterogeneous environment; ecologically important characteristics such as
sediment and vegetation may vary along larger reaches and therefore be an active influence within
the system (ASCE, 1992, Shucksmith etal., 2010). Such features must be properlysurveyed in thefield,
and can then be incorporated into the CASiMiR model, which has features to predict the influence of
both vegetation and substrate type. In order to account for these additional channel characteristics,
the user must obtain preference curves or set fuzzy rules for each variable; e.g. vegetation type or
sedimenttype. The capability of CASiMiR to account for furthervariables such as depth, substrate, in-
stream cover, and shade, in addition to the software’s ability to utilise FST values and fuzzy logic
(Schneider et al., 2016), give CASiMiR a great deal of utility to meet the complexities presentedin
largeror less typical systems; thisisadistinct advantage when compared to modelling software such
as PHABSIM, which is limited to the use of velocity, depth, substrate, and cover. CASiMiR is also
capable of integrating bed structure variables to predict morphodynamics such as erosion or
sedimentation (SJE, 2019); a potentiallyimportantinfluence upon ecosystems, thatis not accounted
forin many other habitat suitability models (Almeida and Rodriguez, 2009).

Whilst it has been argued that 3D models may be more appropriate within larger river systems
(Pisaturo et al., 2017), the computational demand of such models, particularly within the context of
longer river reaches, makes the feasibility of 3D modelling questionable in applications where time
and resources are limited. Pisaturo et al. (2017)’s study reach was 150m in length; detailed habitat
suitability on a larger scale, such as a 1km reach, would likely have unfeasibly high computational
demands at this point in time. As discussed in Chapter 4, the 2D modelling approach is less
computationally demanding and thus is capable of processing larger stretches of river within a
practical timeframe, is easierto calibrate and validate due to the lesser complexity of the mode |, and
offers greatertransferability between similar river systems due to less adaptations between systems
being required.

In addition to contributing towards research questions 1 and 3, Chapter 4 formed the basis of
subsequent investigation in Chapter 5 through the development of the hydraulic and ecological
models for the case study site. Results suggest that there is a good basis for utilising such models
within the context of smaller-scale systems, and there may be potential for the approach to be scaled
up (though such aclaim would require calibration and testing within alargerriver system). Application
of the model at the Ogden Brook site demonstrated that habitat quality predictions relative to flow
were acceptably accurate, and therefore gave validity to subsequent findings in Chapter5, discussed
below.

6.2.3 Discussion of findings for Chapter 5
Chapter 5aimed to answer research questions 1, 3, 4, and 5initially proposed in Chapter 1:
1. How can ecology-flowinteractions be better understood in an efficient and transferable manner?

3. How can localised hydraulic requirements of taxa be translated into an ecologically benefidal
flow regime?
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4. What indicators can be used to interpret habitat quality, given its variation over time and
different values between species?

In this Chapter, the model developed in Chapter 4 was utilised to inform environmental flow
designations for the case study site Ogden Brook. The individual requirements of species were
considered, with particular regard to sensitive species Hydropsyche siltalai and Gammarus Pulex;
these species helped to inform baseline flow thresholds to ensure that sensitive species within the
system were not below critical habitat quality values. Additionally, the spatial effect of flow upon
habitat was analysed through CASiMiR’s output data, and Shannon’s Diversity was used to assess the
heterogeneityof flow(and thus habitat) across the entirereach. A high degree of habitat diversity (i.e.
heterogeneity) was desired, as a diverse range of habitat conditions should in principle encourage
biodiversity at the site (Dunbar et al., 2010b, Ward et al., 2002). This metric helped to inform flow
maxima and intermediate flows between maxima and baseline, as the flow regime aimed to reach
optimal habitat diversity within an appropriate range of flow magnitudes. Due to the influence of
temporal flow characteristics, evidencedin Chapter3andalsoin literature (Poffetal., 1997, Summers
et al., 2015), the temporal aspect of the flow regime was also considered in order to ensure robust
ecological provision by proposed flows. Such consideration is not possible within current habitat
suitability models, and therefore supplementary approaches were taken alongside Qvs HSI and HHS
metrics to improve flow variability through the frequency and duration of flow maxima events. The
primary output of Chapter5was the proposal of aflow designation framework that was informed and
assisted by the other two research Chapters, 3 and 4. The framework was tested through the
development of environmental flows at a case study site, and the potential benefits of the flows when
compared with typical flow regimes at the site were discussed.

Bringing together findings from Chapters 2, 3 and 4, Chapter 5 provides perhaps the fullest solution
to research question 1 within this investigation. As the culmination of the investigation, it
demonstrates how principlesin current literature (Chapter 2), general regional principles (Chapter 3),
and hydraulic-ecological outputs (Chapter4) can togetherinformthe flow designation at a case study
site. This process was briefly reviewed above, and is discussed more fully in Chapter 5.

For research question 3, Chapter 5 expands upon how the localised hydraulic requirements of taxa
might be translated into an ecologically beneficial flow regime; in addition to the integration of
localised hydraulic requirements by individual species, represented by preference curves (described
above discussing Chapter 4), this Chapteralsointegratesthe proposal from Chapter 3and established
literature, that temporal hydraulics also play a vital role within ecologically beneficial flow regimes
(Poffetal., 1997, Richteretal., 1996). This may be done by assessing conditions typical to similar non-
regulated river systemswithin the region (Lancashire and Greater Manchesterin North West England,
in this case). In addition to temporal characteristics, habitat heterogeneity was also considered as
mentioned, due to the ecological benefits it could provide in principle (Wiens, 2002). Therefore
Chapter5 describesa more holisticapproach to flow regime designation than ecological provisionin
terms of Qas a steady flow, and suggests an approach that integrates magnitude requirements, typical
natural conditions, and habitat heterogeneity at the site. This may result in a flow regime similar to
some designated through BBM (King and Louw, 1998), but in a less site-specific manner that is
achievable with fewer resources, and has a quantified and criterion-driven basis that may be more
readilyimplementable by water managers. As mentioned, such an approach may be most appropriate
for smallerscale sites where the advice of expert panelsis not feasibleand where more assumptions
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can bevalidly made due to smallersitesin general beingless complex, butif appropriately scaled up
may also prove to have advantages over established approaches such as BBM. Chapter 5 proposes the
alternative approach taken by this thesis that may allow for the rapid designation of flow regimes for
smaller scale modified systems, with the possibility of transferable general regime design and
requiring only a small team for the investigation to be performed.

Research question 4 follows fromresearch question 3; assuming an ecological metricis id entified, how
isit to be interpreted, given the variation of such metrics between species and over time? CASIMiR
outputs offer individual ecological metrics for each indicator species; in order to consider the
ecosystemas a whole, the user mustdecide how tointerpret model outputs. Forexample, they must
decide whetherthe mean HHS of all indicator species provides a meaningful metric; in some contexts
the mean HHS may be valid, whereasin others a mixture of highly resilient and sensitive species may
be present and render mean HHS less relevant. In this investigation, flow maxima were informed by
habitat diversity and mean HHS values, while baselinelow flows were based upon the individual HHS
values of sensitive species. Frequencies and durations of flow events within the regime were based
upon typical regional conditions within non-regulated rivers, and seasonal variation was determined
by practical constraints (e.g. high demand for water security in summer) and biological requirements
(e.g. low productivity in winter). In another example of recent, large-scale flow regime design, Chen
and Olden (2017) took an approach in which native fish populations were maximised in terms of flow
needs based upon functional regression models predicting fish populations in response to flow
magnitudes, whilst non-native species populations were minimised through flow designs working
againsttheirflow preferences. Additionally, the study considered human water-userequirements and
aimed to optimise the flow regime for both societal and environmental needs. Flow over time was
based upon an equation balancing the varying flow needs of human, native fish and non-native fish
throughout the year (Chen and Olden, 2017). The study had notable differences from the approach
taken within this thesis. Firstly, the study targeted fish as indicator species, as opposed to
macroinvertebrates, which could be argued to be less transferable due to the prolific nature of
macroinvertebrates. Chen and Olden (2017)’s approach is also highly site-specific, targeting certain
fish (with specific requirements that may not apply to hydrologically similar sites hosting different
species) and certain societally-driven objectives and prescribing daily flow releases for the specific site.
Their approach is highly detailed with specific criteria for flow regime designation, but represents a
method that is most feasible within the largest and most vital systems (the study worked on a very
large scale with mean daily flowsof up to 250m3/sec), in contrast with this thesisthat has first worked
todevelop amethodthat may be appropriateforrapid environmental flow designationwithin smaller
and more numerous systems.

Chapter 5 presents the approach of a criterion-driven flow regime design, encompassing both
temporal and magnitude-based requirements. Results demonstrated that historical flows from 2017
released 300,000m3 more flow than previously implemented flows at the site observedin 2014 data,
yet only marginally improved ecological metrics. This investigation suggests that a holistic approach
to environmental flowdesignis necessary to efficiently provide for ecological requirementsin a world
with increasingly pressing and conflicting water resources demands, consistentwith claims from other
recentstudies (Gillespieetal., 2015b, Gillespieetal., 2015a, Worrall et al., 2014, Brooks and Haeusler,
2016).
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Outputs from this Chapter have provided insights into how environmental flow regimes might be
designated with relatively fewresources ormanpowerrequirements, and suggests that there may be
significant research potential in this area, both forthe generation of academicknowledge and for the
improvement of water management practices. Such potential may stimulate further study into this
particularapproachinorderto testitsapplicationin different contexts and validate the robustness of
its outputs. Should studies more fully affirm and refine the approaches utilised in this investigation,
this might facilitate the efficient designation of environmental flow regimes within ecologically-
impacted smaller-scale impounded systems which could not previously be mitigated due to the
disproportionate cost of doing so; many systems have ecological issues identified but fail to be
actioned at the cost-benefit analysis stage (Grontmij, 2013).

The potential toimprove ecological metrics while conserving water may stimulateinterestin the field
of environmental flows for other stakeholders outside of academia; rather than being another
protocol to follow, Chapter 5 suggests that environmental flows may be an opportunity forthe water
industry to conserve water while also working to meet environmental legislation. Such findings may
also be of interest to downstream interest groups such as fishing communities and conversation
groups; instead of finding a compromise betweenenvironmental and societal use as is often suggested
(McManamay et al., 2016), in some cases it may be possible to benefit both. This is particularly the
case in contexts such as that at the case study site Ogden Brook, where reservoir flow licences are
based upon historical downstream needs(that typically no longer exist), ratherthan on a firm scientific
basis. Additionally, the utility of the approach, demonstrated through the development of thre e flow
regimesin Chapter5 with varying degrees of balance between saving water and making provisionfor
ecological requirements, allowsfor varying prioritisation of stakeholder interests and therefore may
be applied within a broad range of contexts.

As well as utility, the approach may alsoallow for adaptability. Thethreeregimes developedin Chapter
5 (ordeveloped at any othersite) could in practice be swapped between to allowforamore adaptable
and flexible form of water management. Forexample, in a particularly dry year the regime may change
to the minimal environmental flow, whereasin a particularly wet year the highest flows might be
chosen. Thisapproach has already beenproposed in the area of abstractions, where studies promoted
reforms to current abstraction practices that operate more sustainably; protecting the environment
when necessary but allowing water to be utilised when it is readily available. This has been referred
to as “smart licencing” (Wilby et al., 2011). Following formal consultation, the UK government
concluded that waterabstraction practices were to be reformed, setting out a water abstraction plan
in 2017 and aimingto have updated all abstraction licencing strategies under the Environment Agency
by 2027 (Department for Environment Food & Rural Affairs, 2017). Many of the same principles apply
for flow modification through flow impoundments as they do to water abstractions; an adaptive
approach to environmental flows that makes use of water resources when they are freely available,
and retains these resources when they are scarce, is likely going to be an expected practice for water
managers in coming years similar to abstraction reforms. Devised approaches to flow regime design
should therefore havean adaptive elementto them;inthe case of the approach devised by this thesis,
adaptive management could be a simple matter of designing a series of flow regimes and switching
between them as required in response to changing water resource availability. For impoundments,
such decisions may be based upon current reservoir capacity, and hydrological forecasting. Changing
our current practices is a particularly relevant topic within the context of water shortages being
expected to occur in England within 25 years under the current trend of water consumption (BBC,
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2019), in addition to growing concern for the state of riverine ecosystems and the introduction of
firmer environmentally-driven legislation such as the Water Framework Directive and the drive to
meet GEP within heavily modified water bodies (European Commission, 2000).

We have discussed the potentialforapproachesin Chapter5 to be appliedinsimilar contexts to that
of the case study site utilised in the investigation, yet there is also the question of the potential for
the methodology’s wider implementation to a larger scale of system. As discussed above regarding
Chapter4, itwould be possible to scale up the modelling aspect of this investigation forapplicationin
rivers of higher magnitude classes, with adaptations required such as more accurate depth-velocity
measurements and the consideration of the impacts of sediment and vegetation, and possibly the
inclusion of other biotasuch as fish within the ecological analysis. Assuminga model is developedfor
a given site, it would then be a simple matter to also incorporate the assessment of habitat
heterogeneity through model outputs, and this would not require further adaptation at larger scales
as the principle remainsthe same. Alargersystem would likely require agreater number of indicator
species to represent the range of biota present, and this would both entail a more labour-intensive
field campaign and likely greater consideration being required when translating individual spedes
requirements into an overall flow regime. Within the Ogden Brook system, species did not display
conflictinginterestsinterms of flow due to ageneral preference for higher flows than were currently
in place. In a larger system, it is likely that ecosystem preferences will not be so straight-forward;
therefore water managers must consider possible trade-offs between maximising overall biodiversity,
and mitigatingimpacts upon sensitivespecies. In Chen and Olden’s (2017) study discussing “designer
flows”, an approach is proposed by which desirable characteristics (such as the protection of an
endangered species) of the riverine system are maximised through flow, while undesirable
characteristics (such as the presence of invasive species) are eliminated or minimised. Such decisions
would likely require expert opinion and would increase the human resources demand of the
investigation.Itis not easy to quantify the extent of resources requiredforalarge -scale application of
the methods proposed in Chapter 5, and therefore it is challenging to compare this approach with
otherestablished frameworkssuch as BBM (Kingand Louw, 1998), which, as previously mentioned, is
an appropriate approach for individual systems but is constrained by its intensive human resource
demand due to expert-driven workshops being a central component of the approach, and lacks a
defined criteria or process justified by data that may be preferred by some water managers. Due to
the quantity of impoundments that existacrossthe UK, havingthe highest density of i mpoundments
in Western Europe (Lehneretal., 2011), itis likely that more quantitative, computational approaches,
actionable without reliance upon the presence of an interdisciplinary team of experts, will be a
desirable alternative for water managers, particularly as pressure grows to meet environmental
objectives before defined deadlines (UKTAG, 2013).

6.3 General discussion

The majority of previousstudieshave generally focused upon site-specific flow experimentation (often
disproportionately focusing upon the impacts of flow magnitude change), or have attempted to
quantify the extent of flow regulation at a given site through methods such as IHA (Gillespie et al.,
2015b). With the foundations provided by such studies and lessons taken from meta-analyses such as
Gillespie etal. (2015), and Poff and Zimmerman (2010), this thesis goes beyond existing literature by
identifying potential quantitative ecology-flow relationships in Chapter 3, and applying these concepts
alongside habitat suitabilitymodellingin Chapters4and 5 in orderto achieve a methodology by which
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environmental flows can be designated, demonstrated using a case study site. There is still a great
deal of work required before the ecological response to flow is clearly and widely understood, and
environmental flow implementation can become a routine procedure for water managers.

6.3.1 Thesis outputs in the context of ecosystem services

In Chapter1, the concept of ecosystem serviceswas introduced as one of the main driversof research
within the field of ecohydraulics. Ecosystem services were described as “benefits people obtain from
ecosystems”, and encompass the areas of provisioning, regulating, cultural, and supporting services
(Reid et al., 2015). The findings of each of the chapters within this thesis have been described and
discussed, and the implications of these findings should be considered in light of the main motivation
behind much of the research occurring in this field; that being the sustainable management of water
body (rivers, specifically in this thesis) ecosystems in order to maintain their ongoing services. It has
been described how this thesis has presented the methodology for environmental flow designation,
and as has been described above, the primary research aims for this thesis have been met, thougha
number of limitations within this work must be considered. The question remains, however: how do
these findings relate to the general goal of maintaining ecosystem services?

Chapter 2 described the potentialimpacts of flow modificationthrough riverimpoundment, and how
the ecosystem —being adapted to natural conditions —may deteriorate in terms of metrics such as
biodiversity or species abundance. This may in turn compromise multiple ecosystem services, for
example an ecologicalimbalance driven by flow modificationmay lead to adecline in fish populations;
this couldin turn impact the cultural services of a waterbody (interms of aesthetics and fishing, for
instance), and may lead to a degradation in regulating services due imbalances in the food chain —
resulting in issues such as a deterioration in physical, chemical, and biological conditions (Haines-
Young and Potschin, 2013), which may in turn impact the provisioning services of the water body in
terms of fresh water.

The research goals of this thesis, and indeed much of thefield of ecohydraulics in general when dealing
with freshwater systems, find context within the maintenance of ecosystem services. Of the outputs
generated by this thesis, the following are likely to have the most significant impact in terms of
maintaining ecosystem services, and each of the implications will be discussed in turn:

e General ecology-flow relationships
e Ecological modelling methodology
e Environmental flow designation

e Potential water conservation

The importance of generalisation of ecology-flow principles are discussed throughout this thesis, i.e.
the value of being able to consider mitigation measures without the need for site-spedific
investigation; this is of particular importance in smaller-scale systems where resources may not be
available forsuch study. These smaller-scale systems, whilst not providingsignificant provision of fresh
water, often are of great culturalvalueto the surrounding area, and play a vital role within the broader
ecosystem in the surrounding floodplain (Junk et al., 1989). As discussed in Chapter 3, the findings
from this thesis highlight some statistically significant ecology-flow relationships that may be
considered forriversystems of a similarscale and climate, and, perhaps more importantly, feed into
a broader meta-analysis that may generate more robust results. The relationships found, and those
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that might be found through future analyses, would greatly assist water managers to assess potential
impacts and mitigation solutions at a more generalised desk-based level, potentially offering cost-
effective maintenance of ecosystem services within numerous small-scale systems that would
otherwise be difficult to evaluate. The generalised observations may, for example, lead to
compensation flow best practices that improve upon the “rule of thumb” flows that are typical in
these systems currently (Arthington etal., 2006). It could therefore be expected that some pressure
upon these ecosystems would be lifted, thus better maintaining the ecosystem services of such
waterbodies. Theserelationships alsofeed into the other outputs of this investigation, particularlythe
final environmental flow regime proposals, as is discussed throughout this thesis.

Next the ecological modelling methodology that was proposed in Chapter 4 will be considered. The
nature of this approach, being primarily desk-based (with the exception of field samples and
measurements taken for model calibration), again should aid in the wider application of
environmental flows, as the resource requirements of habitat modelling are less than other common
ecology-flow investigation approaches such as flow experimentation, which requires long-term
monitoring, potentially expensive in-situ sensors, and numerous excursions into the field to observe
changing flow conditions and the impacts upon the ecology. Such approaches also require a prolonged
period of time before data can be generated, due to the greaterneedto sample across seasonsand
flow conditions. These approaches also benefit from having clear metrics from which to base or
communicate mitigation solutions; this beingin contrast to approaches such as BBM which rely upon
expert knowledge, with associated uncertainties and lack of transferability that come about due to
the subjective nature of expert opinion. The expected implications of the modelling methodology are
therefore similartothose described forthe ecology-flow relationship observations; essentially acting
as a tool that increases the cost-effectiveness of flow modification investigations. Itis also noted that
ecological modellinginand of itselfis not original to this thesis, and the output model’s implications
tie closely to the next output of this work that will be discussed; the designation of environmental
flows.

Environmental flow designation is the culmination of much of the work of this thesis, and carries
some of the most directimplicationsfor the maintaining of ecosystem services. The designer paradigm
approach tothe allocation of flows is expected to increase flow heterogeneity and meet the needs of
target species at key times. This has the potential to better maintain ecosystem services in general
due to greater flow ‘naturalisation’ in the form of lessened homogeneity, and in specific application
through targeting certain species; for instance improving ecological conditions for desirable spedcies.
As was seenin Chen and Olden (2017), this can also be expanded to conversely bring about less
favourable conditions for species that are detrimental to the system, such as invasives. Altering flow
to reduce invasive populations, whilst supporting desirable species populations, would impact all
levels of ecosystemservices, and would be expected to alleviate pressures on the sustainability of the
ecosystem; for instance removing or reducing the influence of invasive species that may otherwise
outcompete and displace desirable native species. The final key output of the thesis comes about from
the results of environmental flow designation; this being the demonstration that significantamounts
of water may be conserved through proposed flows, depending upon the priority water managers
ascribe towards conserving water within an impoundment.

Potential water conservation withinimpoundmentsis likely of majorinterest to certain stakeholders
such as the water utility companies managing said impoundments. These utilities often face pressure
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relating to water security, particularly during times of drought, and there are concerns that water
resources may be greatly strained in the comingyears (BBC, 2019). Therefore provisioning ecosystem
servicesare vital to the ongoing wellbeing of the populations reliant upon these water resources, and
the outcome from this thesis, that potentially large quantities of water may be conserved through
changing the way in which we designate compensation flows, could significantly contribute towards
future water security.

These four outputs, as discussed, have the potential to be a significant contribution towards the
maintenance and future sustainability of ecosystem services, which is the fundamental driver for
attemptingto understand ecology-flow relationships within this thesis. However, the work presented
in thisthesis has limitations, and represents initial first steps as opposed to a fully proposed solution
to flow modification. The following section of this chapter will discuss the limits of this thesis, and will
provide aperspective on potential work that could be seeninthe future, which would build upon the
foundations set out in this work.6.3.2 Thesis limitations

The thesis has devised and tested an approach towards environmental flow regime designation within
a small-scale, relatively controlledenvironment (as described in Section 4.2 and 4.3) in which extemal
variables are minimised as much as possible. Methodological limitations have been discussed in their
respective Chapters, but additionally the approach proposed has general limitations, and those
methodological limitations previously discussed must be considered in terms of how they limit the
potential applications of this thesis as a whole, and how the outcomes of the thesis might be
interpreted.

Firstly, due to environmental flows being a wide subject with a number of branches such as
impoundments, hydropeaking, wetlands, abstraction, etc. most studies, including this thesis, may be
of limited application to areas outside of their primary focus (impoundmentsin this case), due to
differing forms of flow modification, differing ecological impacts, and differing infrastructural
managementrequirements. Secondly, this thesis has focused upon two areas of environmental flows
and ecohydraulics; the quantification of ecological-flow relationships, and an approach by which
environmental flows might be designed. A number of otherconcerns exist within the field that have
been beyond the current scope of the thesis. The influences of the sediment and thermal regime,
biological interactions, or the role of extreme events have not been considered here, nor has
stochasticity and uncertainty inherent to environmental water processes or ecological outcomes been
quantified; these issues were also highlighted as pressing challenges in the field alongside the need
forimproved understanding of ecology-flowinteraction and methodological development (Arthington
et al., 2018). In the process of adapting the approach posed by this thesis for application in more
complex and possible larger system, such concernswould likelyrequire addressing due to th eir greater
influence upon the ecosystem relative to the case study site utilised here, as will be discussed in
Section 6.3.3.

Variables such as thermal regime or biological interactions discussed by Arthington et al. (2018) as
areas requiring further research may possibly be integrated into this approach as understanding of
these phenomenadevelop, but currently such factors must be associated with uncertainty within the
methodology.
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The thermal regime, as described in Section 2.2.4, is considered to be an important ecological driver
withinriverine systems (Olden etal., 2010), yetit was decided that investigation into the impacts of,
and potential mitigation measures for, the modification of the thermal regime would not be
incorporated into this thesis. There are some assumptions and limitations associated with this, but
alsoa firmrationale for this omission. The key limitation of not considering the thermal regime is, of
course, that this thesisis unable tocomment upon the area of thermal regime modification, and the
solutions proposed by this thesis may not be transferable to systems that have issues associated the
thermal regime. This imposes a limit upon the transferability and the scope of the investigation
methods and limits the applicability of mitigation solutions presentedin thisthesis. Thereis also a key
assumption associated to not investigating thermal impacts upon ecosystems; with the omission of it
as a driverin ecological modelling, itis assumed that thermal regime modificationis not obscuring or
overriding the impacts of flow modification, and that the flow regime changes proposed in this thesis
will not introduce detrimental thermal regime modification impacts.

Results in Section 4.6.2 suggest that biota are responding as expected to flows within the Holden
Wood system, and given that proposed flow regimes have constraints in place to prevent too much
draw down in water level within the reservoir for the purposes of water security, and to ensure
sufficient wateris availableforcompensationflows in the long-term, as shown in Section 5.3. The new
regimes are unlikely to lead to a change in the current thermal regime active at Holden Wood; be it
currently modified orunmodified. Therefore, the thermal regime is unlikely to be obscuring ecology-
flow relationships, andis unlikely to be changed by the environmental flow regimes suggested in this
thesis.

Having discussed the limitations, let us move on to the rationale behind notinvestigating the influence
and potential mitigation measures for thermal regime modification. The thermal regime was not
considered both due to logistical and practical factors, and due to a potentially detrimental impact
upon the accuracy of ecology-flow relationship predictions. Firstly the logistical and practical issues
will be discussed. This thesis aimed to directly influence current industrial mitigation measures; as
such, the findings of the thesis should be actionable within the system that was under investigation,
that being Holden Wood. Currently, the thermal regime cannot easily be manipulated through
mitigation measures; Olden et al. (2010) acknowledges that modification of thethermal regime is very
much an area in its infancy, with significant uncertainty (more so than flow regime modification, an
area already fraught with uncertainty). The study identifies a number of challenges to be overcame
before thermal regime modification impacts can be quantified and effectively mitigated, the major
challenges discussed by Olden et al., 2010 are outlined below:

e Wecurrently have apoorunderstanding of how impoundments alter system thermal regimes

e We currently have apoorunderstanding of ecosystem response to modified thermal regimes

e Should we wish to mitigate thermal regime modification in a highly regulated system, it is
likely that engineering modification to the impounding structure would be necessary

e Stillunclearhow thermal criteriamay be incorporated into environmental flow designation

e Still unclear how the thermal regime’s influence might be investigated within an
environmental flow assessment

Due to the above challenges, and the fact that research is still inconclusive on these issues (Gillespie
etal., 2015b), itis believed thatinvestigation into thermal regime modification is beyond the scope of
thisthesis, given thisthesis’ focus upon the flow regime modification. Incorporation of variables that
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consider the thermal regime’s impact upon ecological metrics are unlikely to produce actionable
results, and in fact would likely introduce greater levels of uncertainty intothe investigation, both due
to the current uncertainty as to how ecosystems respond to thermal regime modification, and due to
the fact that such inputs would require a further generalised input of thermal preferences into the
CASiMiR model. In Section 4.7.2 it was discussed how such generalised preferences may introduce
some uncertainty, and these additional preferences would possibly obscure ecology-flow
relationships that this thesis set out to investigate.

While the thermal regime is perhaps the key ecological driver alongside flow, a number of other
variables exist that may exertvarying degrees of influence upon the ecosystem; as discuss ed by Poff
etal., 1997, rivers are complex open systemsthat can contain a large number of interacting variables.
Thisthesistook steps tolimitand ‘control’ these external variables as much as possible, throughriver
classification in Chapter 3, and site selection in Chapter 4, for instance. However, the influences of
external variablesare likely not entirely negated,andin the process of mitigating theirinfluence to an
extent, the thesis may be limited inits scope of application. Here, we will consider these two forms of
limitations: Limitations imposed by uncertainty associated to external variables, and limitations
imposed necessarily by the scope of the work performed for this thesis.

Water quality — water quality encompasses a variety of factors contributing to the chemical state of
the river system. This includes pH, the presence of pollutants, and other influences that may impact
the water’s chemical composition; for example dense woodland surrounding the riveris likely to be a
significant source of carbon, and can trigger other chemical changes withinthe river system, due to
the products of decaying leaf litter that will be washed into the river system (O’Brien et al., 2017).
Such chemical changes may be beneficial (forinstance, increased nutrient availability) or detrimental
(forinstance, the presence of toxicchemicals) to the various species within the ecosystem. As stated
bothin the methodology forthe multi-site analysis of Chapter 3 and the case study for Holden Wood
in Chapter 4, this thesis took measures to avoid systems in which water quality was acting as a
potential detriment to the ecosystem. This is due to the fact that most water quality issues are not
directly related to reservoirimpoundment (though flow modification may play a role in water quality
degradation if the ecosystem regulating services are compromised), and therefore would require
alternative mitigation solutions beyond the scope of this thesis. The fact that systems with water
quality issues were avoided in this study, however, does entail that likewise the application of the
results from this study are necessarily limited to systems that do not sufferfrom poor water quality.
Insuch systems, itis unlikely that solutions proposedhere will bring about desirable outcomes if water
quality remains as a significant pressure upon the ecosystem and its associated services. Care should
also be taken in applying the principlesin this thesis directly to systems of good chemical status yet
significantly different chemical composition; such as an aforementioned dense woodland system. lit
is advised that one should validate whether a system of very different chemical character responds
similarly to changes in flow regime, before undertaking a full restoration project based on the
principles discussed in this thesis.

Biological interactions - as mentioned previously, particularly when calibrating the ecological model
in CASiMIR, investigated species are notisolated entities; their populations and distributions within a
system are often driven by biological interactions, such as predation, competition, or a species’
tendencyto group togetherin colonies (McCabe, 2010). Such interactions present acomplex system
of mutual correlation between the various members of the ecosystem, and as such are beyond the

135



scope of consideration in this thesis. Because of this, biological interactions present a source of
uncertainty within this investigation, and species distributions were treated as having a degree of
stochasticnature tothem. In general, this would entail that caution should be usedwhen interpreting
or applying principles of this investigation, as one should have with any experiment involving some
degree of uncertainty. Further, there may be cases in which biological interactions are more
influential, forexample ascenarioin which a predative invasive speciesis introduced toa system. In
such a scenario, species populations and distributions may be driven more by the disruption caused
by the new species than by adjustments to the flow regime. As such, care should be taken in simply
applying the methodology of this thesis to a given system; prior knowledge of the state of the
ecosystem and its component species would first be beneficial.

Vegetation —as mentioned in Section 6.2.2, this thesis did not consider the role of vegetation upon
the ecosystem and upon flow dynamics (Shucksmithetal., 2010) due to the fact that this thesis aimed
to firstaddress the fundamentals of a novel approach withinasimple, small-scale system. | discussed
the need to consider the influence of vegetation in larger, more complex systems. The approach of
this thesis in its current state is limited to smaller-scale sites with sparse vegetation within the river
channel; application to more vegetated channels would require adaptation of the methods proposed
to incorporate vegetation’s role, perhaps mostimportantly upon flow dynamics, and perhaps also its
role as refugia for species, as this could influence species distributions. Adaptations such as this are
discussed in Section 6.3.3.

Shade — Whetheror not an area withina channelis exposedtodirect sunlight can significantimpact
the ecosystemwithinthatarea. In systems where there are areas of shade, due to tree canopiesfor
instance, the growth of vegetation will be altered, the distribution of species will be altered, and
nutrient availability may be affected (McCabe, 2010). The Holden Wood site had no tree coverage,
andtherefore shade did not play asignificant role within the system and was not considered. As such,
systems that have extensive tree coverage might expect a different ecosystem response to flow
changes as a result of interactions with external drivers such as shading

Sediment-The sedimentregime can have asignificantinfluence uponthe ecosystem dueto itsimpact
upon species habitat, visibility within the water, nutrient retention, spawning, and river morphology
(Wampler, 2012). It was discussed previously that flow modification can impact the sediment regime,
though the impact upon sediment is often caused by the physical barrier of the impoundment itself
(Kondolf,1997), and will not be completely mitigated by changesin flow releases. Systems with severe
sediment regime issues would therefore require sediment restoration schemes in addition to
environmental flows in orderto maintain ecosystem services, and the findings from this thesis would
be of limited impactin such scenarios —although should the sedimentissues be resolved, the findings
in this work may then become more applicable.

Next, the uncertainty presented due to limitations inherent to the scope of this project will be
discussed, which willagain entailsome caution as to the interpretation or applicationof the results in
this thesis in contexts outside of the scope of the work undertaken.

Geography — It has been discussed in previous chapters that geographical area can significantly
influence the characterof a river system, and this isthe reason why this thesis has focused upon the
area of Northern England. The influence of geography is due to regional factors such as predominant
underlying geology and local climate (Gonzalez and Garcia, 2006). As such, findingsin thisthesis should
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be interpreted or applied with caution in areas beyond the region studied; species may respond to
flows in a different manner and therefore regional calibration may be necessary. Caution should
increase the furtheraregion deviates fromthe conditionsin the initial study; forinstance, it could be
expected that minimal adaptation of the method may be required for systemsin temperate Southem
England, whilst a river in a tropical climate may require an entirely different approach towards
mitigating flow modification impacts.

Scale — The scale of a system is one of the major factors of differentiation between river systems, and
was proposed as one of the main factors for the class-based approach towards environmental flow
investigation (Arthington etal., 2006). This is due to the fact that the scale of a riverhas a dominant
influence upon its character; larger rivers entail larger flows, and higher flows result in river
morphology, localflowvelocity conditions, water depth,and othervariables, being very different from
conditions observed within smaller-scale systems. As discussed previously, Monk et al. (2006)
described flow magnitude as a dominant ecological driver, masking other variables that may be
influential at a finer scale (i.e. within certain flow ranges). Thus, due to the fact that this thesis has
focused upon smaller-scalesystems such as Holden Wood, it is not thought that principlesidentified
in this work will be directly transferable to larger systems. It is very likely that significant adaptation
of the approaches used in this investigation will be required when investigating rivers of a higher flow
magnitude, and some potential adaptation solutions have been discussed both in Section 6.2, and in
the Discussion sections of previous chapters.

Metrics used (HSI / HHS) — This thesis has approached ecology-flow relationships and how they may
be interpretedto inform environmental flows by using a particular perspective, that being habitat
preference inthe form of the HSlIand HHS metrics. Sections 4.7.2and 5.4.7 discussed the assumptions
and limitations of these metrics. Whilstitis expected thatimprovementin these metrics will resultin
overall benefit for the ecosystem, and the maintenance of its associated services, caution must be
used in how the metrics are obtained and interpreted within systems; appropriate indicator species
withinthe context of a givenriversystem must be utilised, and water managers should keep in mind
other potential factors influencing the ecosystem, such as the external factors described above.

Temporal dynamics — it was not possible to directly model the impacts of temporal dynamics within
CASiIMIR, as discussed in Chapter 5, and therefore the ecological principles behind the benefits of flow
heterogeneitywereadoptedand flow variationwas set based uponflowregime characteristics within
natural systems. Though there is a good scientific basis for integration of flow heterogeneity into
environmental flows, predictions of ecosystem response on this basis cannot be provided. It is likely
that the degree of ecosystem response to increased flow heterogeneity will vary between systems,
and therefore caution should be used and expectations managed in the incorporation of temporal
flow dynamics until validation is performed upon the system in question to monitor the post-
implementation impacts of a proposed flow regime. Validation is a key need in order to advance
beyond the findings of this thesis, as | will discuss further in Section 6.3.3.

Having now discussed a number of limitations within this thesis that should provide caution for
potential applications, let us consider potential next steps fromthe work that has been laid out, and
consider what other developments might be expected within the area of environmental flows in the
coming years.

6.3.3 Potential future developments
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This thesis has presenteda novel approach to environmental flow designation withinimpounded river
systems; as an initial proposal, | have focused upon relatively simple conditions and alimited number
of metrics and variables. This investigation has also been somewhat resource -limited, which has
influenced methods that have been utilised. Should the approach proposed by this thesis gain wider
acceptance, there is significant scope to further develop the methods within this thesis, in terms of
greaterinvestments of resources to achieve higheraccuracy, or to scale up the approach and apply it
to larger and/or more complex systems.

Before movinginto additional developments andincreased complexity, a key nextstep in furthering
the findingsin thisthesis and making them more robust would be to fully validate the approach and
findings presented. The ecological response to the range of flows described in Chapters4and 5 were
not observed within the field; calibration of the model took place at the steady flow of 0.024m3/sec.
Therefore, whilst calibration suggests that model predictions are sensible and justified, the approach
requires fullvalidation through long-term flow experimentation before the response of ecology to the
proposed regime can be quantified and compared with model predictions, in order to confirm that
the designated flow regime achievesits objectives of improving ecological metrics whilst conserving
water. Thiswould entailecologicaland hydrological monitoring overanumber of months, perhaps up
to a one or two years, due to the time taken for ecosystem responseto reach equilibrium and adj ust
to new conditions. Upon validation of the environmental flowregime(s), further research might more
confidently be considered in applying the approach to othersystemsto assessits transferability and
potential for scaling up for application in larger systems.

Having discussed the importance of validation, a number of potential future developments will be
discussed that could potentially aid in improving robustness or expanding the potential applications
of the approach (e.g. to larger and more complex systems). Firstly, let us consider the potential of
CASiIMIR in accounting for more variables, and thus accommodating investigations within more
complex systems.

A number of external variables can be accounted for through adaptation of variables utilised by the
ecological model, easily achievable due to features provided by CASiMiR, such as its ability to account
for variation of bed sediment, the influence of channel vegetation, or the impacts of shade. These
impacts can be accounted for within the model if the relevant preference curves or fuzzy rules are
inputted. The limitation in accomplishing this would be the attaining of robust preference curves,
which may currently prove to be difficult; preference curves calibrated to a particular class of
conditions have been found to be more reliable than universally general preference curves (Kelly et
al., 2014), butthese are not readily availablein manysystems. That said, availability of such preference
curves shouldimprove with time as further contributions are added to the existingknowledge base.

In addition to further ecologically-influential variables, the complexities of natural flowinputs such as
tributaries that contribute to the river flow alongside the compensation flow may be accounted for
through hydrological forecasting of precipitation and the resulting flow fromthe tributary in orderto
predictlikely flow inputsinto the main channel. As technology continues to develop, this forecasting
would inevitably become more robust. In time, options for feasible long-term in-situ measurements
of flow may become available, allowing flow to be measured directly in real time. Flow inputs,
forecasted or measured, could be accounted for through an adaptive management approach of
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impoundment outflows; potentially reducing flow outputs at times when tributary inputs are
elevated, or conversely increasing flows during dryer periods.

As well asintegrating furthervariablesintothe modelling component of the approach, there is scope
toimprove otheraspects of environmental flow investigation through more advanced technology and
additional resources that may be available for future studies. One example of this would be the ability
to better integrate river connectivity in terms of its relation to flow and the impact upon the
ecosystem. In section 5.4.6 it was mentioned that the potential use of colour extraction software to
achieve this end. Such integration of river connectivity could be particularly important within larger
river systems with extensive floodplains, and thus the capability to assess the impact of connectivity
and wetted area with software solutions would increase the applicability of the approach proposed
by this thesis at a larger scale.

Digital elevation mappingtook significant effort within this investigation, and this could be a limiting
factor upon the scale at which modellingis performed. Technological advances may resolve thisissue;
drones - specifically, unmanned aerial vehicles (UAVs) - have become widespread and publically
available in recent years. UAVs have recently been proposed to assist in generating digital elevation
models, as well as other in-field data such as the presence of riparian vegetation, sediment
characteristics, and flow velocity; a study by Rhee et al. (2018) provide s athorough overview of recent
advancesin UAV applicationswithin the fluvial environment.Such technology could not only facilitate
efficient data collection at larger scales, and produce higher-resolution data than that typically
collected by manual approaches such as the Total Station (through the use of specialised bathymetric
LiDAR technology), but could also perform various other remote sensing tasks that would otherwise
require extensivefield surveysor measuring campaigns. Examples of thisinclud e the detection of algal
blooms, or utilising aerial velocimetry methods such as the Large-scale Particle Image Velocimetry
method to determine flow velocity (Rhee et al, 2018).

Rhee et al.’s 2018 study provides some promising perspectives, but acknowledges that such
technology currently suffers from limitations. For instance, the use of LiDAR is limited due to the
weight of the hardware, and LiDAR specialised for bathymetric study has not yet been perfected. As
these technologies develop, UAVs may revolutionise researcher’s approaches to in-field monitoring
and measurement; they may facilitate far more detailed data collection, or they may greatly increase
the efficiency of the current levels of data collection. In the case of the former, this may aid inthe
analysis of largerand more complexsystems, whereas in the case of the latter, it may becomefeasible
to monitormany smaller-scale systemsthat would otherwise have been overlooked due to resource
or time constraints. Itis possible thatas such technologies see application, the field of environmental
flows will see a vast increase in available data. This leads us to another form of technology that is
showing great future potential in the area of data analysis: machine learning.

Studies have lamented the lack of available data for synthesis in the field of environmental flows
(Gillespie et al., 2015b), but as mentioned above, technological advances may lead to an increase in
monitoring data such that innovation in data analysis will be required in order to process complex,
high-dimensional data. The laborious data analysis approaches such as that seenin Chapter3 may be
revolutionised through advances in field of artificial intelligence, specifically machine learning.
Machine learning (ML), which has seen significant advances over the last decade, could present a
highly efficientmethod of data analysis within the field of ecohydraulics. Fieldssuch as Chemistry have
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recently felttheimpact of ML; an editorial letterin the Journal of Physical Chemistry touts the success
of ML in its 2018 issue, citing studies in which molecular bonds have been mappedto energy levels,
particle size and composition were related to catalytic activity, and a neural network representation
of an alloy was used to predict a material’s composition and temperature-dependence surface
segregation (Schneider and Guo, 2018).

The potential of machine learning has not gone unnoticedin the field of Biology either, as the letter
writtenin Conservation Biology by Chengetal. (2018), demonstrates. In this letter Chengetal. (2018)
discuss the rapid growth of environmental research and the growinginterestin machinelearningthat
has emerged alongside this. They mention that MLmay greatly improve the process of data synthesis
and effectively “sort the wheat from the chaff” for researchers seeking relevant literature to draw
upon. As machine learning becomes more accessible to non-programmers, it has the potential to
become a prolific tool in data-driven studies; efficiently sorting through large quantities of data and
identifying relationships among many variables that may have otherwise been difficult or highly
laborious to discern. Interfaces are being developed by which experts in other fields may more
intuitively utilise ML; an example of thisis Tableau, a commercial widely-used piece of software that
facilitates machine learning for non-specialists (Murray et al., 2013) and cloud computing through
virtual machines is facilitating the computational demand of ML algorithms, thus re moving the
prohibitiveskilland resource requirements that previously limited the use of ML. Virtual machines are
widely commercially available, one of the top providers being Microsoft, through the Microsoft Azure
services (azure.microsoft.com/en-gb/services/virtual-machines). This thesis envisions a future in
which class-based data may be accumulated and processed in thismanner, and following this ML may
also assist in inter-class meta-analyses in order to discern broader principles that exist on a more
general scale; such principles would greatly aid water managers in maintaining ecosystem services
and mitigating the impacts of flow modification.

With the rapid advancement of technologies, particularly in the fields of drones and Al, we may see
significant changesin both field- and desk-based methodologies, as drones and easier-to-utilise in situ
analysers become more widely available and intuitive to use for field measurement, and advances in
the area of machine learning transform the way we analyse data. The embracing of technology to
assist environmental research may occur all the more rapidly as a changing climate and increasingly
resource-hungry populations further place pressure upon ecological systems. Legislation such as the
WEFD will continue to aid in communicating this pressing matter to government organisations and
water managers;inthe nextsection, the possible interpretations of the outcomes of this thesiswithin
the context of legislation such as the WFD will be discussed.

6.3.4 Thesis within the context of the Water Framework Directive

Thus farthis thesis has largely dealt with the academic understanding of flow-ecological relationships
and its application in a water management context. A significant driver of environmental flows,
environmental legislation (specifically WFD within Europe), also has major implications for
environmental flow implementation; environmental objectives dictate the priority and the extent of
restorative measures. A key question for water managers is how they might meet legislative targets
through the application of knowledge and methodological development. The next section discusses
this is greater detail.
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Previous Chapters have yet to answer the final research question posed:
5. How may outcomes such as habitat quality predictions be interpreted in light of legislative targets?

In this Chapter, the implications of legislative targets and subsequentinterpretation of the outputs of
this investigation are discussed.

Chapter 2 provides an overview of the Water Framew ork Directive and its associated challenges. The
concept of Ecological Potential, as opposed to Ecological Status, was described; this being an
ecological designation applied to heavily modified water bodies, in whichthe economicfeasibility and
service provided by a particular waterbody is considered alongside ecological metrics before arating
isassigned. The legislatortarget of good ecological potential (GEP) is therefore decided based upon a
water body having all reasonable mitigation measures in place against ecological impact, and an
ecosystem with minimal deviation from the expected natural system, within cost-benefit and practical
constraints. This leads to a somewhat subjective method by which HMWBs are assessed in terms of
ecological potential, asitisthe decision of the assessoras to whether or not the water managers have
done everything reasonably possible to prevent ecological impact, and it can be difficult to fully
guantify the value of the ecosystem and associated societal services provided in terms of a monetary
value. It can also be difficult to determine the natural state of the ecosystem, particularly within
systems that have been modified for long periods of time with reference conditions no longer
available.

Otherauthors have attempted to define GEP and present steps by which it may be assessed, but the
very apparent challenges are widely acknowledged (Borjaand Elliott, 2007), and recentlyit has been
proposed that the WFD cannot be properly implemented without a complete revision of the way in
which ecological restoration is performed (Voulvoulis et al., 2017); the highly ambitious WFD
legislation was put forward with “great expectations” as Voulvoulis et al. (2017) says, yet almosttwo
decades following its implementation there has not yet emerged a standardised method by which
targets such as ecological potential might be achieved. New ways of thinking must be put forward,
such as “systems thinking”, described as a “system to think about systems” (Arnold and Wade, 2015);
or, elaborating further:

“Systems thinking is a set of synergistic analytic skills used to improve the capability of identifying and
understanding systems, predicting their behaviors, and devising modifications to them in order to
produce desired effects. These skills work together as a system.” Arnold and Wade (2015)

Such a shift in thinking calls for a move away from approachesfocused upon singular criteria, which
might be illustrated in an impoundment release context through steady, “rule of thumb” flows
(Arthington et al., 2006), into approaches that more broadly assess an ecosystem and consider how
interdependent variables may affect outcomes. This investigation has also proposed a move away
from singular flow release (Q) values, yet is by no means comprehensive in evaluating the riverine
system; amore pragmaticview might consider such the task of deeplyunderstanding the river system
as a whole disproportionately labour-intensive relative to potential outcomes in the context of many
river systems, and therefore the currentimplementation of restorative measures currently must rely
upon the development of robust, transferable frameworks that act as a compromise between
complete reductionism and comprehensive understanding. As knowledge, methods, and available
tools continue to improve however, it is possible that we may come closer to a fuller understanding
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of the complexities of the riverine system even at smaller scales. Increasing computational power,
ever-improving hydraulic and ecological modelling software, and new field surveying tools such as
geological survey drones (Baglione, 2016) allow for more efficient desk-based and field-based
analyses, and will assist with progress within this field of science.

However, currently, due to the fact that a standardised framework does not yet exist for the
implementation of WFD within HMWBs, we can only offer suggestions as to how the proposed flow
regimes at Holden Wood might be interpreted in terms of meeting ecological potential. Given that
ecological potential assessment considersthe “reasonable efforts” of water managers attemptingto
mitigate ecological impacts, as opposed to being based entirely upon ecological metrics within the
impacted system, itis believed that the method of flow regime designation prop osed by this study
would qualify as a significant measure taken towards improving the local ecosystem within Ogden
Brook, given the scientific rationale provided for proposed flow regime characteristics, and the
demonstrated validity of the ecological model utilised. However, as Chapter 5 demonstrated, flow
regimes may be adapted relative to their priorities; regimes may release more annual flow to
maximise ecological provision (asinregime A), orlessin orderto maximise water conservation (as in
regime C); the appropriate regime for GEP would have to be assigned based upon a thorough cost-
benefit analysis at the site. Additionally, ecological impacts in addition to the flow regime may need
tobe considered and actionedin order to meet GEP; flow modificationisonlyone aspect of the system
modification imposed by an impoundment.

The sediment regime may be disrupted due to the loss of connectivity upstream behind the
impoundment (Junk et al., 1989), the resultingwater with lessdissolved particles may e nhance erosion
and affect river morphology close to the impoundment outlet (Kondolf, 1997), the thermal regime
may be impacted due to thermal stratification within thereservoir (Olden and Naiman, 2010), and the
transport of nutrients from upstream to downstream may also be disrupted (Vannote et al., 1980).
Therefore, the designation of GEP may not be resolved by any single mitigation measure, but must
consider the impacts of system modification in their entirety. This investigation has proposed a
solution for flow regime modification; an area that is still in its infancy in terms of mitigation
methodology (Gillespie et al., 2015b, Poff et al., 2017), but such a solution acts as a contribution
towards GEP, not a guarantee of it. As previouslymentioned,implementation methodologies for WFD
must continue to be improved upon and encompass the system as a whole, if environmental targets
are to be met at a national scale.

6.4 Conclusions

This Chapter has discussed the key findings, implications, and possible ap plications of this thesis. It
has also discussed the interpretation of these in light of WFD legislation, and possible direction for
future research. We believe that this investigation has provided outcomes that will be significant for
the scientific community. The first major outcome from this work has been the demonstration of
quantitative general, regional relationships for the impact of particular flow characteristics upon both
functional composition and biodiversity in the region of northern England, within a particular
magnitude range, following approaches proposedin previousliterature (Arthington et al., 2006, Monk
et al., 2006). This research both provides insights into the implications of flow modification in this
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region, and, itis hoped, stimulatesimilarresearchin orderto develop a broaderknowledge base that
may be synthesised in future meta-analysis studies.

The second major outcome has been the demonstration of the ongoing potential for hydraulic-
ecological modelling for the assessment of environmental flow regimes at a case study site,
particularly in the context of smaller river systems, having demonstrated the agreement between
model-predicted individual species habitat suitabilities and in-field observed species populations; this
may stimulate similarinvestigations that may continue to explore the ability of such modelsto provide
insights into ecological response to flow. Such models could be of particular use in systems where
resource-intensive field or expert-driven investigation is unfeasible.

Lastly, the third major outcome of this investigation has been the development and application of a
flow regime designation framework by which model predictions and supplementary data are
considered in order to propose environmental flows for the case study site that was investigated.
These flows werefound to both maintainecological metrics duringimportant periods at the case study
site, and also conserve significant quantities of water within the upstream impoundment. Such a result
is expected to be of interest to both industrial and environmental stakeholders, and it is hoped that
such an outcome will motivate further research into the area of “designer flows” (Chen and Olden,
2017), which may contribute towards a solution to the oft-cited conflict between societal and
environmental needs (Summers et al., 2015). It is hoped that studies in this field will continue to
advance to meet the challenges posed by impoundment-related flow modification, both in terms of
generalised principles to apply to flow-ecological relationships, and in terms of environmental flow
designation methodology. Additionally, academics, water managers, and legislators must continue
and expand upon collaboration efforts in order to interpret research outcomes in light of legislation
such as the WFD and expected best practice (UKTAG, 2013).

7. RESEARCH SYNOPSIS

7.1 Introduction

This thesis has investigated the impact of flow modification due to impoundment both in terms of
general relationships across aregion (Chapter 3) and more specifically through aframework by which
a case study site is assessed and environmental flows are proposed (Chapters 4 and 5). A general
discussionin Chapter6on the overall findings, implications, comparisons with literature, and possible
applications and future research coming about due to this work has been detailed. This Chapter will

143



provide a synopsis of the entire thesis, briefly discussing key outcomes and implications, and the
extent to which the initial goals of the project have been met.

7.2 Novel Outcomes

Chapters 3, 4 and 5 have described the process of developing an understanding of ecology-flow
relationships and developing an approach for environmental flow regime designation, based upon
desk-based analysis of multiple systems and through findings at a case-study site through hydraulic-
ecology modelling. The key, novel outcomes of this thesis are as follows:

1. Quantified ecology-flow relationships linking flow event frequency to the ecological metrics of
functional composition and biodiversity. Highflow frequency wasidentified as a particularlyinfluential
driver, impacting functional diversityin both spring and autumn seasons using both LIFE and trait score
metrics.

2. Anintegrated approach forenvironmental flow development, utilising model outputs as a basis for
flow magnitude values, combined with ecological principles derived from influential flow
characteristicsidentified in Chapter 3, and the analysis of natural systemsin Chapter5, as a basis for
flow event frequencies and durations.

3. The integrated approach described in 2was utilisedto design three flow regimesfor the case study
site; these were the tangible output of the research performed in this thesis and provide a
demonstration of the capabilities of the proposed approach to environmental flows.

7.3 Research questions
This investigation began by posing the following research questions in Chapter 1:
1) What specific drivers are eliciting an ecological response?

Chapter 3 is the major contributor towards this question; significant statistical relationships were
observed between biological metrics and high and low flow event frequencies. Potential mechanics
behind thiswere discussed with evidence from scientificliterature, providinga compellingargument
for the influence of the frequency of high or low flow events upon ecological response, both directly
through experience of flowforces,and indirectlythrough flow influence upon physiochemical riverine
properties (Rollsetal., 2012, Lytle and Poff, 2004). It is difficult to isolate these variables from other
temporal flow characteristics, however. Forinstance, the duration of flowevents tend to be inversely
correlated toflow eventfrequency. Therefore, itis possible thatinfluence exerted by the duration of
flow eventsalso contributes to the variance observed. The influence of flow event duration was also
analysed however, and did not demonstrate significant statistical relationships with biological metrics,
suggesting that flow frequency is a much stronger influence.

2) How can localised hydraulic requirements of taxa be translated into an ecologically benefidal
flow regime?

Chapters4 and 5 work togetherto answerthis question; the hydraulicrequirements of taxain terms
of magnitude can be well represented through the habitat quality metric, derived from spedes
velocity affinities recorded in literature. Through subsequent CASiMiR model predictions, it was
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demonstrated that habitat quality predictions correlate well with species population numbers
sampled atthe same pointat the study site. Good correlation was observedin spite of the stochastic
nature of species distributions due to external variables such as nutrient availability and biological
interactions, providing good evidence that habitat quality is capable of reliably representing
magnitude-based hydraulic requirements. Chapter 5 discusses how magnitude alone is neither a
suitable nor efficient means to address in-stream taxon requirements. A holistic integration of
magnitude-based hydraulic requirements and requirements for the temporal fluctuation of said
hydraulics must be considered; the influence of temporal fluctuation cannot be simulated within
current habitat quality models and therefore must be translated into ecologically be neficial flow
regime design by other means. Chapter 5 demonstrates a process by which this may be achieved,
through analysis of regional unmodified water bodies and their temporal flow characteristics to
identify typical conditionsinthe region. Itis assumed with conceptual evidence from literature (Poff
et al., 1997, Acreman et al., 2014, Wiens, 2002) that this approximation of natural conditionsis a
significant improvement upon traditional steady compensation flows. This integration of temporal
variation into the flow regime alongside magnitude-based provision still requires validation through
in-stream flow experimentation, however ecological benefit relative to water released suggests that
such regimes are highly efficient based upon HSI metrics and total water released; this is not
accounting for further benefit assumed by the more naturalised flow variation.

3) What indicators can be used to interpret habitat quality, given its variation over time and
different values between species?

Chapter 5 works to answer this question. It is difficult to interpret holistic habitat quality with great
precision through a single metric; this investigation has developed an understanding of expected
habitat quality through a combination of individual HSI scores, diversity of habitat, and the extent of
site correspondence with natural conditions. Current methods of ecological assessment do not
provide a holistic analysis of the state of the ecosystem, and recent studies have called for the
development of abroadersuite of ecological metricsdue to this problem (Poffetal., 2017, Arthington
et al., 2018). This investigation affirms and repeats this call, for whilstit has been possible to provide
a qualitative assessment of anticipated ecological quality by combining the metrics discussed, it is
beyond the scope of expertise of this project to develop a quantitative measure of ecological health
integrating all of these systems.

4) How may outcomes such as habitat quality predictions be interpreted in light of legislative
targets?

This question remainsa challenging one that will likely require further advancement in methodological
and conceptual knowledge within the field of environmental flows to properly address. Whilst it is
possible to demonstrate expected ecological response and the anticipated implications within the
system, it is not possible to predict a quantified ecological response such as absolute shifts in
biodiversity or functional composition. Given that current legislative assessmentis site -specificand is
performed through biological sampling and subsequent comparison with reference conditions or
predicted conditions (such as those produced by RIVPACs), it is difficult to conceptualise how
suggested restorative measures might translate into legislative targets without first deriving
guantitative predictions for how the ecosystem is expected to respond. This would likely require in-
stream flow experimentation beyond the scope of thisinvestigation. It should be noted however that
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within the systems being investigated - that is HMWBs - water managers have little interest in
guantifying the extent to which legislative targets might be met, and oftenlack the internal expertise
to do so;itisthe interest of water managers to demonstrate to regulatory bodies that they are doing
what can feasibly be expected to mitigate ecological impact within the context of the HMWB, within
financial constraints and whilst maintaining the services provided by the system.

7.4 Summary of findings

Chapter 3: Multi-site statistical analysis: Quantitative relationships froma particular region; insight
into flow characteristic interactions

Highlights:

1. Flow modification associated with river impoundment s likely to cause a significant deviation from
natural, native macroinvertebrate population compositions.

2. In addition to flow magnitude, the temporalcharacteristics of flow alsoplay a key role in maintaining
ecological stability.

3. It is possible to identify specific influential flow characteristics driving macroinvertebrate population
composition, and quantify these ecology-flow relationships.

Chapter 4: Model Development: Framework for assessment with potential for transferability
Highlights:

1. The localised hydraulic forces brought about by a given compensation flow, experienced by taxa,
can besimulated through the consideration of taxa flow requirements using a metric forlocal habitat
quality.

2. Predictions of the habitat quality metric will generally correlate with observed species populations
in the field under the same flow conditions; e.g. high habitat quality is associated with high species
population numbers.

Chapter 5: Model Implementation: Framework for integration, with outcomes from case study site
Highlights:

1. A magnitude-basedecological model is not sufficient to provide mitigation solutions for the impacts
of flow impoundment modification.

2. A degree of flow naturalisation is a necessary part of environmental flow design when such
implementation is feasible.

3. A holistic framework considering flow magnitude and temporal characteristics enables the design
of optimal environmental flow regimes.

4. Designer environmental flows may increase ecological metrics whilst also conserving impounded
water resources.
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7.5 Research Implications

Flow regime modification due to impoundment acts as a pressure upon riverine ecology througha
number of direct and indirect drivers. Chapter 2 highlighted the importance of gaining a greater
understanding in the relationship between these drivers and ecological response, and also
emphasised the challenge in the translation from current conceptual understanding into practical
investigatory frameworks, due to the highly complex nature of rivers and the numerous
interdependent variables that contribute to the overall state of the system. This difficulty is further
exacerbated by the lack of a cohesive approach to flowinvestigation; it has been concludedthat much
literature cannot be comparedwith oneanotherorsynthesised intogeneral understanding due to the
high site-specificity of many investigations and the lack of uniform methodologies. This project set out
to furtherunderstandingin this areaona more general transferable level, as opposedto being merely
site-specific. Chapter 2 may serve to guide future research ina similarmannerto how it has directed
thisthesis. Studies should aim to move away from highly site-specificinvestigation, and work towards
frameworks that are easily transferable between systems. Currently, studies are tending towards
regional-based investigation. This opens up many research opportunities, as everynew region studied
has the potential to expand general knowledge of ecology-flow relationships, either through
similarities or differences between other regions. With sufficientregional studies, the field may in
future form universal principles through a meta-analysis of regional findings across the globe.

This thesis has established that the riverine systemisacomplex web of interactions (Summers etal.,,
2015) and the ecosystem is likely to be driven by many interacting variables including flow regime,
sediment regime, thermal regime, shade, nutrient availability, and species interactions. The models
that were developedin Chapter 3 are an attemptto identify key influential characteristics within the
flow regime; they do not claim to perfectly predict ecological response in its entirety, but rather
examine the extent to which particular flow characteristics influence this response. Ininstanceswhere
a model of high explanatory power was not found, this is likely due to the limited scope of this
investigation,and the influence of externalvariablesnot examinedin this investigation, such as those
mentionedabove. The Chapter has affirmed the hypothesispresented by the likes of Poffet al. (1997)
and Richteretal. (1996), that there are key flow categories that strongly influence ecological response,
and that significant predictive relationships can be found in many circumstances on a regional scale
(Arthington etal., 2006). This supports the general assumption within the field of environmental flows,
though transferable empirical evidence is still not as common as desired; the assumption that the
magnitude, timing, duration and variability of flows directly influence biodiversity and functional
composition. It can be inferred from this observation that highly modified flows, such as those
observed withinimpounded systems, are liable to foster an ecosystem that divergessignificantly from
the waterbody’s natural state. This conclusion is similarto findings from other studies that have
investigated the effects of increasing flow modification and regulation upon downstream ecosystems
(Gillespie etal., 2015a, Haxton and Findlay, 2008, Nichols etal., 2006). As far as | am aware, no other
studies have demonstrated definitive hydrological response relationships for macroinvertebrates for
this particular region and magnitude class of river. Data from this study may be used for water
management decisions across the North of England, to supple ment future studiesinthe region, orto
draw comparisons between other river classes. It could also be tested to what extent such
relationships hold true beyond the region studied; throughout England, or even throughout
temperate climates across Europe.
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The exhortation of recent literature to standardise and present a greater body of transferable data
through focused studies is not yet showing itself to be evident; the most recent studies on
environmental flows rarely focus on this drive towardsgeneral regional ecology-flow principles. Those
that do are spread across different fields such as hydropower or abstraction and are of limited
transferability between one another due to the significant differences in the nature of flow
modification taking place. A literature search for recent studies between 2017-2018 shows a number
of site-specific studies, or studies with focuses very different to this investigation, such as flow
regulation impacts upon floodplain rivers (Hayes et al., 2018), riverine impacts during dam
construction (Santos et al., 2017) and fish trait analysis in the context of impoundment (Lima et al,,
2017), in additiontoreviews of recent progressin the field (Poff etal., 2017, Arthington etal., 2018).
With such a diverse breadth of potential research, many studies with varying focuses must orientate
themselves towardsdeveloping generalised flow-ecological relationships within reservoir-impounded
systems, both for fish and macroinvertebrate species and for different regions, environments, and
river classes.

Chapter 4 has been concerned with developing and calibrating both a hydraulicand an ecological
model of a case study site, forthe purpose of predictively assessing the impacts of flow regime upon
the native macroinvertebrate ecosystem, with the purpose of optimising the ratio of water spentto
ecological provision provided, balancing the conflicting interests of environmental needs and societal
use. It has been demonstrated that the hydraulic model developed is capable of predicting flow
velocities across the riverreach to an acceptable accuracy, though some discrepancies exist at more
extreme high flows, likely due by sudden changes in geometry at a spatial scale smaller than the
resolution of the model, and the fact that significant uncertainty is generally involved in river velocity
measurements (Acreman et al., 2014). The ecological model was also calibrated, and outputs were
found to be in generally good agreement with model observations. This study acknowledges the
significant degree of stochastic distribution present in ecological populations, and reasons for this
have been discussed in Section 4.7.2; biological interactions and the tendency of some species to
cluster together are examples of how population distribution may not be entirely driven by habitat
suitability. The primary indicator of CASiMiR predictions being sensible is the fact that areas of poor
HSI do not have any significant species populations within observeddata, whilst moderate to good HSI
areas have varying distributions of a given species. Such a result was expected; the stochastic nature
of distributions means that “Good” HSI is not guaranteed to correspond to high population numbers
due to habitat being only oneinfluencing factor upon species populations, however, “Poor” HSI should
almost always correspond to low species numbers due to the inhospitable environment. Species
occurring insignificant numbers within poor HSl areas would have caused concern about the validity
of the model, butit has been demonstrated that poor HSI consistently corresponds to low observed
population numbers for all indicator species. Despite external complexities, graphs in the Results
section demonstrate clear trends between increasing HSI and population number for all 3 species.

It was confirmed that model outputsare valid for the Holden Wood site, and have sufficient reliability
to generate insights into ecological response to flows. However, this study has been met with a
number of limitations, and modelaccuracy and robustness could certainlybe improveduponin future
work, allocating more timeand resourcesto take more measurements and create afiner-scale model.
The CASiMiR model provides predictionsof habitat suitability, not of defined species numbers. Efforts
to improve habitat suitability, in the opinion of this investigation, represents the best effort for
ecological provision, short of channel-invasive methods such as direct channel modification ordirect
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interference with the ecosystem (e.g. introducing orremovingparticularspecies) which are both cost-
and labour-intensive, whilst also risking unexpected and possibly irreversible harm to the native
species.

With the models successfullycalibrated and tested, the outputs of the CASiMiRmodel were evaluated
and acted as the primary source of information forindividual species provision (based uponsensitivity
thresholds)and spatial habitat responseto flow (habitat diversity, connectivity and persistence) from
which principles for environmental flows at Holden Wood were developed. This represents a
significant step forwards in the task of bringing together knowledge of ecology-flow response
relationshipsinorderto optimise ecological provision in terms of timingsand appropriate magnitudes.
Othertemporal drivers such as flow event frequency and durationare not considered by CASiMiR and
are incorporated through insightsgainedfrom statistical analysis covered in Chapter 3, and additional
knowledgefrom literature discussed in Chapter 2. The outputs of the CASiMiR model has justified the
use of depth-averaged flow velocity isan acceptable surrogatefor near-bedforcesinthe case of small-
scale, shallow river systems. HSI predictions have been shown to correspond well with field
measurementsof species populationdistributions,and because of this we can have confidence in the
assumption that changes to predicted HSI are likely to denote significant changes in
macroinvertebrate populations. Therefore, one of the goals of subsequent flow design —to optimise
HSI benefitfromreservoirreleases —is a well-justified one. This Chapterformed the basis of Chapter
5inwhich flow regimes were designed, with good foundations and confidence that the outputsof our
developed model are sensible, and changes to said outputs should be expected to elicit ecological
change accordingly.

This study affirms use of 2D modelling, particularly for small-scale sites where vertical complexity is
minimal and an optimal approach is necessary due to resource constraints. Designed regimes A, B
and C promote ecological provision with varying prioritisation, demonstrating the utility of this
framework; it is possible to define design goals, and these may be adapted to accommodate water
demandsand diverse interests of stakeholders present within agiven system. Akey nextstep in this
research would be to fully validate the model through physical flow experiments, obtaining field
observations at the flow magnitude range usedin the modeland comparing them with model outputs.
Once validated at the study site, this approach could be applied to similar river systems within the
region of Northern England, utilising the proposed regimes with some adaptations for site -spedific
contexts. Should the outcomesin these systems againbe validated, the transferability of this approach
may allow for smaller scale impoundments across the UK to implement environmental flows, where
previouslythis wasunfeasible dueto the quantity of impoundment systemsand the intensity of labour
required to assign environmental flows to individual sites.

Thisthesis currently focuses upon application for sites impacted by impounding reservoirs; it could be
possible to adapt it for use in other site restoration assessments such as hydropower-impacted sites
by incorporatingthe unique challenges and priorities of the given modification into the design stage
of the environmental flow regime. An example of such a consideration would be the necessity of
disruptive highflows from hydropower releases; perhaps aregime design forsuch an application may
focus upon dampening and prolonging these high flows according to what is feasible without
compromising the service of the dam. It is also acknowledged that flow is not the sole driver of
ecological response, and other stressors such as water chemistry likely play a significant role at many
sites. It has been suggested that the diverse influences of riverine ecology must be studied both
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through short-term mechanistic experiments and long-term explanatory studies in order to
disentangle this complex web of interactions (Laini etal., 2018). Climate change and land use change
are also resulting in a shifting environment, further driving changes in ecological metrics (Li et al.,
2018). As understanding of these interactions grows, it would be possible to integrate further
mitigation methods into the framework presented in this study. The ability to integrate ecological
requirements according to context, and make adjustments according to new knowledge, offers
significant utility within this framework.

An approach has been presented by which a study site is assessed and environmental flows are
proposed based upon a combination of species response to flow (through preference curves), the
influence of magnitude upon habitat diversity, and typical unregulatedregional flow characteristics in
orderto forma holisticecological solution. Results suggest that uniform increases in magnitude over
long periods resultin disproportionately little ecological benefit relative to volume of water released,
and affirms the use of optimised and targeted high flow events. Though there is a rich literature
detailingthe conceptsconsidered, we are not aware of any studies suggesting a similar framework by
which such a combined range of flow requirements within a particular site orregion may be assessed.
Poffetal.(2017)’s update on the evolution of environmental flowscience discusses progress in almost
every area, yetthereisnotyetaunifiedapproachto environmentalflowassessment. They emphasise
the needto extendfroma local scale to basin-scale perspective (Poff etal., 2017). Previous regional
frameworks have been attempted, but generally have used singular metrics of habitat suitability
(Ceolaand Pugliese, 2014). More recently, a framework forthe strategicallocation of waterin order
to balance environmental flows and societal needs has been proposed (Sabzi etal., 2019), but within
the scope of generalised “environmental considerations” which must be determined on a case by case
basis.

Amidst this rapidly developing field in which numerous frameworks and methods for environmental
flow assessment are emerging, this study offers a novel approach in optimal annual flow regime
designation, aiming towards regional transferability. Whilst many previousstudies have focused upon
specific ecological response from a given study site, or have focused upon the conceptual
development of particular aspects of ecological response, this study provides an uncommon
perspective in drawing together knowledge accumulated through recent academic progress, and
combines this with the considerations of practical constraints and stakeholderinterests faced by the
water industry. We offer the first steps towards an actionable regional water management solution
to the issue of impoundment-modified flow impacts that is desirable both for the purpose of
ecological and water resources conservation. There is scope for this framework to be scaled up to
largerriversystems, though this would require the incorporation of othervariables significant at such
a scale, such as substrate type and variation and the sediment transport regime. Fish may also be
considered in CASiMIiR should they be present in the system. This investigation suggests that 2D
habitat modelling remains a tool with great potential when incorporated into such holistic practices,
and shows great promise as water managers move into transferable, regional-focused forms of
investigation.

7.6 Concluding Remarks

This thesis began with a single question; how can we better understand the relationship between
ecology and flow withinimpoundment-modified systems? Literature in this field guided the focus of

150



this investigation into two avenues; a regional statistical analysis of similar river systems aiming to
identify key flow characteristics driving ecological response, and the design and implementation of a
2D predictive model by which improved flow regimes might be suggested at a case study site. This
thesis has affirmed the study of regional ecology-flow relationships as a promising ongoing area of
investigation, and has demonstrated a potential framework by which environmental flows may be
designed through the requirements of indicator species, widely held ecological principles, and typical
local or regional conditions through the proposal of environmental flow regimes for a case study site.

A breadth of principles and lessons from recent literature within the field of ecohydraulics have
informed this investigation, and this thesis has drawn these togetherin order to develop a novel
approach towards the study of ecology-flow relationships withinimpounded systems. Transferability
has been a key focus throughout this investigation, as this is a pressing need within the field
(Arthingtonetal., 2006, Arthingtonetal., 2018, Gillespieetal., 2015b), therefore both the statistical
analysis and case study utilised more generalised concepts applicable to a region or transferable to
similarsites. Chapter 3 utilises IHA-style flow characteristics that can be processed fromflow data in
any river system, along with species affinities that should also be accessible given the availability of
ecological sampling data, and from this regional principles are drawn through quantified linear
modelling relationships. Chapters 4 and 5 utilise river hydraulics, indicator species velocity affinities,
general ecological principles (such as the ecological benefits provided by natural flow variation), and
typical unmodified regional flow characteristics within a given magnitude range. All of thisi nformation
is widely accessible, with the most labour-intensive processes being the mapping of local geometry
for hydraulic modelling, and field sampling for indicator species at the study site.

A consideration that one might raise is that of indicator species, and this leads into a philosophical
question posed within the field of environmental flows as a whole; given that the systemin question
is already modified, and lacking natural reference conditions, can we have confidence that the
indicator species that have been used here reflect the biological composition of the system if it was
not modified?Are they suitable guidestowards improving ecological health? Given that the indicators
utilised are species commonly found throughout UK waters (NatureSpot, 2015), and given that flow
modification by impoundments has not been found to alterthe biological composition of asystemto
such a drasticextent asto be unrecognisablerelativeto natural conditions (Gillespie et al., 2015a, Poff
and Zimmerman, 2010), | am confident that the indicator species reflect taxa that would be found
within a similar, natural, system. Additionally, indicator species primarily inform the magnitude
requirements of the ecosystem; these call for an increase in magnitude, which is i n agreement with
the reservoirinflow datathat demonstratesthe higher magnitude flows of the system prior to meeting
the impoundment. Other aspects of the flowregime such as the durationand frequency of flow events
were designed through the analysis of other river systems within the region, and are therefore not
related to the question of ecological indicator choice.

Important next steps from the findingsin thisthesis would be first to fully validate one of the proposed
flow regimes depending on desired prioritisation between ecological provision and water
conservation, through in-field flow experiments. Should the proposed regime demonstrate desirable
outcomes, impounded systems of similar scale and geography might be identified and local ecology
investigated. The general flowdesign from Holden Wood may be adapted newsites according to their
channel geometries and the requirements of the native species, though one would expect spedies
composition to be largely similar if the two sites are in close proximity. Ecological response at such
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sites may then be examined, and should outcomes again prove desirable then adaptations of this
regime might be implemented across Northern England with minimal site-specific investigation.

Another area of interest could be to investigate how flow regime design might differ under this
framework when applied to another region, such as mainland Europe, or for a larger scale of river,
which could possibly contribute to the development of universal principles for flow impou ndment
mitigation and restorative environmental flows. A number of adaptations to the proposed
methodology are likely required should it be scaled up to assess larger systems. Due to the smaller
scale at the current study site, a number of simplifications and assumptions were made such as depth
and sediment type not being impactful variables, as detailed in Chapter 4, along with a lack of
significant amounts of vegetation or the presence of fish meaning that in-stream macrophytes and
fish were not considered within ecological assessment. Within a larger system, these variables are
likely to be of importance and thus should be considered. CASiMiRis capable of integrating features
such as sediment type and fish if such data is provided, but hydraulic modelling in this case would
need toshiftto 3D software,and vegetation hydraulics may need to be considered. Additionally, larger
sitesrequire increasingly more labourwith size due to the need to survey rivergeometry and obtain
proper site coverage of in-field flow and ecological measurements. It may be the case that the
approach takenin thisinvestigation could have other methods integrated intoit from past approaches
more focused upon large-scale systems, such as expert workshops that form the core of the Building
Block Method (King and Louw, 1998), in orderto assess the flow requirements of larger sites ina more
rapid and efficient manner, whilst maintaining this approaches focus upon possible transferability to
similar systems, and an emphasis upon flow optimisation for water resources conservation.

Itis hoped that regional ecology-flow relationship studies continue to expand upon the current body
of knowledge within the field of ecohydraulics, and that developments such as the integration of
previously disparate concepts such as species trait analysis, IHA metrics and regional-based
investigation become common practice in future studies. Such ideas aid in increasing the
standardisation of methodologies within this relatively young field of science, and in turn maximise
the transferability of research and its potential for synthesis into the broader knowledge -base. It is
also hoped that water managers will take note of the potential of the proposed environmental flow
design framework that has been presented, given the significant implications for the water industry
andriverine ecology dueto the possibility of providing for ecological needs in a mannerthat conserves
water resources when compared to the traditional approach of constant, unvarying compen sation
flows. The findings of this thesis and the conceptual advances made are likely to be of usein a world
where (i) waterresources are an increasingly stressedresource due to growing populations, changing
land use, and a changing climate, and (ii) contemporary legislation continues to evolve and
increasingly will pressure water managers to understand and mitigate the impacts of impoundments
and other flow-modifying systems.
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ABSTRACT

Many rivers have undergone flow modification by impoundments to provide services such as
water supply and hydropower. There is an established consensus that typical modified flow
regimes do not sufficiently cater to the needs of downstream ecosystems, and more must be
done to understand and mitigate their associated impacts. This study presents a novel,
transferable framework by which a small-scale impoundment in North West England is
assessed through the use of linked hydro-ecological modelling in SRH-2D and CASIiMIR,
utilising flow velocity measurements and macroinvertebrate sampling data. Model
predictions of habitat quality were supplemented by established ecological principles such as
the importance of flow heterogeneity. Results are used to designenvironmental flow regimes,
with the aim of improving ecological metrics whilst considering conflicting water demands.
Based on an analysis of historical flow records, the implementation of designer flows over a
12 month period demonstrated increased peak species habitat qualities of 23-26%,
characteristics such as flow heterogeneity were more naturalised, and 22% less water was
released from the impoundment. Should outcomes be validated by in-stream flow
experiment, there is great potential for further development and application of this method,
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including regional transferability for the rapid designation of environmental flows across a
number of sites of similar magnitude and geography.

Keywords

Environmental flows; Flow impoundment; Macroinvertebrate; Eco-hydraulics

1. Introduction

Flow modification and impoundment of river systems has become widespread throughout
the world in response to increasing water demand and energy requirements. Over recent
decades it has increasingly been recognised that typical flow regimes imposed even by small
impoundments and hydropower schemes may have impacts on riverine ecology (Anderson et
al., 2015, Poff et al., 1997, Summers et al., 2015). It is thus important to understand the
relationship between flow regime and ecological response, and develop efficient frameworks
to mitigate the impact of flow modification. The needs for impoundment are unlikely to
decrease, hence a key question is how we might maximise environmental benefit for a volume
of water released as impoundment outflow (Konrad et al., 2011). Since its proposal in the late
1990s, the Natural Flow Paradigm (Poff et al., 1997, Acreman et al., 2009) has formed the
basis of the environmental flow concept. Poff et al. (1997) discuss the likely consequences of
the alteration of natural flow components such as flow heterogeneity and the resulting
ecological response within the system, and propose that natural flows promote stable
ecosystems, whilst over-regulated systems result in ecological impacts due to direct and
indirect responses to altered flow. Examples of natural flow variation include flows driven by
predictable seasonal precipitation levels, or snow melt (Junk et al., 1989, Junk and Wantzen,
2004). Poff et al. (1997) argue that there is an intrinsic link between the natural flow regime
and in-stream ecology as a result of the biota having developed life-history, behavioural and
morphological characteristics adapted to be successful in their native environment. In
contrast, impounded systems have traditionally based their regulated outlet flow regimes
upon “rule of thumb” percentile-based values such as the Q95 (the 5th percentile flow) of the
non-modified river system (Arthington et al., 2006), or upon historical flow licences that had
been in place to sustain downstream interests such as mills, many of which no longer exist

(Gustard, 1989). Such flows neglect the natural fluctuation of flow, and some behavioural and
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morphological adaptations of biota may no longer be appropriate for their environment (Lytle
and Poff, 2004).

While it may not be feasible to return flows to their natural regimes in most cases, an
increasingly popular approach has been that of ‘Designer Flows’, by which flow patterns are
created to provide desired benefits, within practical constraints (Chen and Olden, 2017).
Designed environmental flows are unlikely to match the variation of their natural
counterparts, either in magnitude or heterogeneity, but can significantly improve ecological
quality. This can be achieved by accounting for particular ecological requirements such as
periods of elevated flow, and integrating them into the flow regime. The “Building Block
Method” (BBM) approach proposes that such requirements can come together as individual
“blocks” to create an overall regime, originating from South African restorative studies and
later seeing international application (King and Louw, 1998). The UK advisory group UKTAG
have discussed BBM in recent years and propose the approach as best practice for the
mitigation of impacts arising from impoundments (UKTAG, 2013). Despite such conceptual
frameworks, the implementation of environmental flows remains a major challenge; this is
largely due to the lack of any defined, standardised protocol by which these flows are to be
implemented. Part of this difficulty may be that most studies have focused upon the
investigation of larger river systems; it is difficult to isolate ecologically-influential factors at
this scale (for example due to tributary flow inputs). This study utilises a small scale study site
to allow the development of a foundational approach towards environmental flow
development that can later be scaled and adapted to account for further complexity inlarger

systems.

This study utilises macroinvertebrate species as ecological indicators, due to their relative
neglect in the field when compared to taxa such as fish (Gillespie et al., 2015b), and the fact
that they are a more prolific indicator at small scale sites. These taxa experience flow as
localised forces as opposed to overall magnitudes, timings, etc. This raises the question, how
can the requirements of invertebrates on a micro scaletranslateinto an overall compensation
flow and its inter-annual variation? Habitat quality models are an increasingly utilised
approach in restorative studies (Reiser and Hilgert, 2018, Schneider et al., 2016, Conallin et
al.,2010), yet may not account for life history requirements and temporal flow characteristics
experienced by taxa, such as the frequency and duration of flow events. A broader suite
ecological indices are required to achieve robust environmental flow designs

(Chinnayakanahalli et al., 2011, Arthington et al., 2018), and methodological progress is
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required in order to determine their implementation; how are conflicting flow needs to be

resolved, and how does one judge whether or not a flow regime is “good”?

Competing interest groups and increasing demands for water supply mean that
environmental needs are a contentious topic; water sent downstream for environmental
purposes must be well-justified, and the “cost-benefit” in terms of water committed to
environmental flows must be acceptable in order to maximise the volume of water retained
for societal use (Harwood et al., 2018). The lack of transferable ecology-flow principles can
necessitate time- and cost-intensive site-specific investigation (e.g. Anderson et al., 2017),
and the impracticality of scaling up such an approach to larger or multiple sites is readily
apparent. One potential solution gaining favour is to use regional-based methods (Summers
et al., 2015). These recognise that whilst general principles may remain elusive, it should be
possible to identify commonalities between approaches for rivers of similar magnitude and
geography (Arthington et al., 2006). However, even these relationships have proven difficult
to extract from the current body of literature, largely due to alackof standardised approaches
and challenges in the synthesis of current data (Poff and Zimmerman, 2010, Gillespie et al.,
2015b).

This paper presents a potential transferable methodology by which impoundment-modified
river systems may be assessed, and environmental flows designated. Here, we test this
method of environmental flow designation at a case study site, addressing the challenge of
site-wide flow regime designation through a novel combination of habitat quality prediction
(based on 2D ecological model outputs), flow event timings, habitat diversity, and flow event
heterogeneity, whilst also making efforts to actively conserve water relative to current
outflows, with a methodological design emphasising future transferability to other sites. The
proposed methodology takes steps towards an answer for generic environmental flow
designation and implementation based on the principle that designed flows should provide
significant benefit to the ecosystem (Richter et al., 1996), whilst also conserving water

resources.

2. Site description

The study site Ogden Brook (Fig. 1a, Fig. 1b) is a stream system in the North West of England,
directly downstream of the impounding reservoir Holden Wood, approximately 27.2 km
North of Manchester, Northern England, and located near the village of Haslingden, OS grid

reference SD776220. The site was chosen due to data availability, lack of significant external
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pressures such as wastewater inflows, the dominance of upstream reservoir compensation
flows, and its appropriate scale for the scope of the investigation. Historical background
information has been adapted from a consultancy report provided by the regional water
company, United Utilities (APEM, 2016).
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Fig. 1b. A cross-section at the Ogden Brook site, pictured in November 2017.

Typical flow conditions at the site remain in the range of Q = 0.02—0.04 m3/s, with mostly

shallow depths between 0.1 and 0.25 m, though recorded depths in pools reached as high as
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0.8 m. The reach under investigation is approximately 40 m in length, primarily chosen to
avoid the presence of a downstream tributary, so as to retain flow contribution solely from
reservoir outflows. The study is thus performed on a small scale; this fits the aims of this
investigation, which focuses upon the response of taxa at a micro-habitat level similar to
studies such as LeCraw and Mackereth (2010) who utilised study reaches of 10 m to observe
localised ecological responses, or other fish and macroinvertebrate restoration studies

utilising 100 m reach scales (Pretty et al., 2003, Harrison et al., 2004).

The water company United Utilities manages Holden Wood Reservoir. Compensation flow
releases are made to the Ogden Brook, in line with the conditions of an impoundment licence
granted by the Environment Agency. Ogden Brook runs along a narrow band of woodland
surrounded by light urban development. The riverbed itself is mostly gravel, with top-layer
sediment ranging from small pebbles (~1 cm) to larger stones (up to ~10 cm), with a few
larger rocks (up to ~20 cm) scattered throughout the reach. A lower layer of finer sediment
lies beneath the stones and cobbles. The river channel has little to no vegetation. Presently,
Holden Wood is required to release 3.46 ML per day (0.041 m3/s) of flow during times of the
impoundment being within 2 m of its maximum water level, and 1.84 ML per day
(0.0215 m3/s) when water depth is below this point. Prior to 2016, release requirements were
lower; within the range of 0.01-0.02 m3/s. Impoundment releases are the sole major
contribution to the studied reach of Ogden Brook, aside from small amounts of direct runoff
insignificant relative to overall flow. Mean daily flow data for outflows from Holden Wood
between 2014 and 2017, and inflows between 2010 and 2014 were provided by United
Utilities, derived from cumulative inflow and outflow metres read and recorded daily; an
outflow meter on the spillway measures the volume of reservoir spill events when these
occur, and both outflow metres are added together for overall reservoir outflow.
Macroinvertebrate single-point, three-minute kick sampling data from spring and autumn of
2016, taken within the analysis reach, were provided by United Utilities; this data was used

to assess typical seasonality of native taxa.

3. Methods

An ecological model was constructed using the CASIMiR model (Schneider et al., 2010) to
develop an understanding of the macroinvertebrate response (habitat quality) to flow at the
site. This required the development of a hydraulic model of the site in order to determine the
velocity regime. River geometry, velocity and ecological data was gathered for model

development and calibration. Once model accuracy was assessed, habitat predictions were
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utilised and supplemented by an integrated consideration of taxon requirements (habitat
quality metrics and anticipated responses to temporal flow characteristics) in order to design
potential environmental flows for the Holden Wood site. These designer flows were
compared with pastand current impoundment outflows interms of flow event characteristics
(e.g. flow variability) and impact upon predicted habitat quality in order to demonstrate the
differences in ecological response between designer flows and typical compensation flows,

relative to annual volume of water released.

3.1. 2D hydraulic modelling

The SRH-2D (Sedimentation and River Hydraulics) modelling package was used to develop an
understanding of the hydraulic complexity of the study reach. SRH-2D is based on the
numerical solution of the two dimensional depth averaged St. Venant equations, providing
calculations of depth and velocity at each computational cell based on model boundary
conditions, reach topography and bed roughness (Lai, 2008). SRH-2D has recently seen
widespread use in the field of river restoration and eco-hydraulics (Erwin et al., 2017, Stone
et al., 2017, Lane et al., 2018).

Bed elevations at the study site were obtained using a Total Station surveyor (Leica
Geosystems, 2009). Bed elevations were taken using a scatter-based method, taking elevation
readings that adapted in resolution according to bed complexity. A total of 2069 geometry
data points were collected over the reach. Bed elevations were uploaded into the SRH-2D
model using the SMS interface (Aquaveo LLC, 2013) and a fine mesh was generated with cell
sizes approximately 30 x 30 cm. In particularly complex rivers, meshes as fine as 10 x 10 cm
have been utilised (Lange et al., 2015) however most ecological studies using SRH-2D have
used 30 x 30 cm mesh sizes for detailed sections, with typical mesh sizes of around
250 x 250 cmor higherin larger rivers (Bandrowski et al., 2014, Stone etal., 2017, Lane et al.,
2018).

Model calibration was performed using direct velocity measurements, utilising a Nortek
Vectrino Acoustic Doppler Velocimeter (ADV), which is typically expected to provide velocity
values accurate to within 5% in field conditions (Dombroski and Crimaldi, 2007). The ADV
probe was secured to an adjustable surveying tripod, allowing for stable positioning at any
point of measurement. The probe was capable of taking simultaneous measurements of three
orthogonal velocity components at a frequency of 20 Hz, hence providing temporally

averaged velocity data as well as standard turbulent statistics. A convergence test was
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conducted to determine an appropriate sampling period for the acquisition of reliable data at
each point. A resulting sampling period of 60 s was used, due to low hydraulic complexity with
readings typically stabilising within 30 s of deployment. For each measurement, the probe
was orientated as such to obtain primary (x) velocity in the main channel direction (with the
y dimension normal to the river bank). Raw ADV data was processed in WinADV 32 (Wahl,
2000), and the phase space threshold de-spiking filter was applied prior to data analysis
(Goring and Nikora, 2002).

Eight cross-sections were measured along the reach, with flows being taken at 3—5 points
along each cross-section depending on channel width. Measurements were taken at 0.6 of
the depth to obtain a depth-averaged reading (Hewlett, 1982). A total of 31 readings obtained
allowed for moderate coverage along the entire reach at a high resolution relative to many
studies; SRH-2D has been successfully calibrated in larger rivers with significantly fewer
observation points (Deslauriers and Mahdi, 2018). At the time of measurement, flow into the
river was measured as 0.024 m3/s, based on impoundment outflow data provided by the site
operator. This discharge is generally consistent throughout the autumn season, unless the
impoundment is close to capacity, at which point flow releases are elevated and spill events

are possible.

Upstream and downstream model boundary conditions were established based upon
straight, stable areas of flow within the study reach. The upstream boundary condition was
set as the measured inflow (0.024 m3/s), and the velocity was defined using SRH-2D’s
Conveyancing approach in which flow direction is assumedto be normal to the inlet boundary
(Lai, 2008), and the velocity is uniformly distributed. The downstream boundary condition
was set as the measured water level (185.02 m above sea level), again assuming flow normal
to the boundary. Manning’s roughness values were initially assigned with appropriate ranges

based upon literature values (Chow, 1959) based on substrate type at the site.

Manning’s roughness values for the river channel were calibrated based on established best
practices (Van Waveren et al., 1999) initially testing homogeneous roughness across the
entire reach, and later adjusting small areas where observed changes in substrate led to
discrepancies in velocity. Final calibration saw the majority of the river assigned a Manning’s
value of 0.05, whilst patches of the riverbed had roughnesses ranging from 0.04 to 0.07. These

values are appropriate for streams with generally little vegetation, steep banks, trees and
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scrub at the banks, and cobbles and large stones within the channel (Chow, 1959). Fig.

2 presents post calibration model outputs in terms of predicted flow velocity vectors.
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Fig. 2. SRH-2D hydraulic predictions, post-calibration, showing predicted velocity in m/s for an inflow of

0.024 m3/s, with in-field velocity measuring point positions.

Model predictions of calibrated depth-averaged velocity were tested by comparison with field

point-observations of primary, temporally-averaged flow velocity taken by the ADV. Observed

and modelled primary (x dimension) velocity values are plotted in Fig. 3. It can be seen that
there is broadly good agreement between predictions and observed values. Anomalous

readings tend to be at the highest ranges of velocity, which may indicate deviations in model

predictions at higher flows. However, these high-velocity anomalies may also be caused by
localised changes in bed geometry, either not accounted for at the mesh scale used, or not
detected during bed geometry measurements, such areas of faster flow (>5 cm/s) may be
highly localised and difficult to account for; for instance above a large rock causing a small
shallow area of increased velocity, or a cleft between stones through which flow is funnelled.
The most erroneous point, 3c, had been noted during field velocity measurement to be an
area of particularly fast and complex local flow due to the presence of nearby rocks. It is
possible that errors also arise from inaccuracies inherent to characterisation of the depth-
averaged velocity at a single measurement point, which may be more significantin areas of

irregular topography or cross currents which lead to complex velocity distributions.
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Fig. 3. Post-calibration SRH-2D primary velocity vs observed field primary velocities with field measuring points

and associated model predictions (see Fig. 2 for spatial positions).

3.2. 2D ecological modelling

The CASIMiR model framework is modular and integrates hydraulic and structural parameters
from a hydraulic model for the calculation of habitat suitability for indicator organisms.
Aquatic habitat suitability in this study is derived by the use of univariate flow velocity
preference curves, and this is later compared with species population distributions observed
in the field (Schneider et al., 2016). Preference curves were based on flow velocity affinities
found in the STAR Project, a large-scale investigation supported by the European Commission
in order to resolve challenges posed by the Water Framework Directive, using the study
“Deliverable N2” (Bis and Usseglio-Polatera, 2004). This study involved the aggregation of
macroinvertebrate traits into one of the largest species trait databases available (Bis and
Usseglio-Polatera, 2004). In the STAR project, velocity preferences are described in the range
of Null (0 cm/s); Low (>0-25 cm/s); Medium (>25-50 cm/s) and High (>50 cm/s) based upon
flow affinity, i.e. how well a species is adapted to particular flow conditions. Affinities range
from O (lowest) to 3 (highest). These affinities were interpreted into Habitat Suitability Index
(HSI) values ranging from 0.00 (lowest possible affinity) to 1.00 (highest possible affinity). In
this study, flow velocity was selected as the sole parameter for driving ecological response.

Depth and substratum are alsoused as key parameters in larger river systems, but at the scale
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investigated at this study site substratum can be assumed to be homogeneous, and changes

in depth are not significant in terms of macroinvertebrate sensitivity.

CASiMiR can be calibrated through small adjustments to preference curve inputs (Schneider
et al., 2010), due to possible variations in biological behaviour from site to site caused by
external drivers. This was not necessary for this study due to species behaving in accordance
to established preference values. The model was tested using observed species sample
populations, taken using the standard 3-min kick sample method (Murray-Bligh, 1999) in
November 2017 at a flow rate of 0.024 m3/s. 15 measurements were taken using single-point
kick sampling from a range of microhabitats distributed across the reach. Habitat predictions
were then generated based upon the same flow rate. Testing under a single flow condition
was deemed reasonably justified due to the minimal variation of flow at the site, and the fact
that samples demonstrated similar species composition proportions to those observed in
2016 sampling data provided by the consultants (described in Section 2). Three
species, Gammarus pulex, Polycentropus flavomaculatus, and Hydropsyche siltalai, were
chosen for model testing based upon their occurrence at most sample sites, and their range
of flow preferences. A comparison between model predictions in the form of HSI, and

observations in terms of species sample populations at the same point, is presented in Fig. 4.

Predicted Habitat Suitability Index
9

Sample Population
Fig. 4. CASiMiR testing, comparingthe HSI at 0.024 m3/s with observed number of individuals sampled ateach

point for 3 macroinvertebrate species at the Holden Wood site.

A positive correlation can be observed between predicted HSI and measured species

populations. Pearson correlation coefficients for the above figure are 0.62302, 0.57719, and
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0.48843 for Gammarus pulex, Hydropsyche siltali, and Polycentropus
flavomaculatus respectively. It should be noted that whilst HSI expresses the suitability of a
flow regime for a given species, it does not assert that species should be present in any
particular number. Therefore, it is not expected that HSI predictions should correspond
perfectly to field data of measured populations. The relationship between HSI and species
population is expected to be strongest in areas of low predicted HSI, as the conditions in these
areas actively prohibit species occuptation through their unfavorable habitat. Areas of high
predicted HSI may be ideal for a given species, but it does not follow that a species will occupy
that area; the stochastic nature of species colonisation, or external drivers such as predation,
may lead to areas of high HSI being sparsely populated. It can be said that whilst not all good
habitat is populated, all large species populations should be found within good habitat
capable of accomodating them. Given that the current approach only models the influence of
flow, other drivers such as nutrient availability, ecological interactions and temperature may
also alter the distribution of species (Ferreiro et al., 2011, Alba-Tercedor et al., 2017).
Therefore, given the nature of the relationship between HSI and species populations, the

current results are seen as good evidence for the utility of the model predictions.

For an analysis of flow effects, four indicator species were chosen based upon their presence
in primary sampling data at most sampling sites across the reach, a range of velocity affinities,
and numbers present in consultant sampling data. The four consisted of the three usedin the
model testing plus Baetis rhodani; this latter species does not occur in significant numbers in
autumn, when sampling took place, so could not be utilised for testing, but did soin spring as
demonstrated by consultancy data, described in Section 2, in which both autumn and spring
samples were taken. Gammarus pulex and Hydropsyche siltalai display rheophilic
preferences, Polycentropus flavomaculatusdisplays more limnophilic preferences, and Baetis
rhodani displays intermediate preferences. A modelling analysis was subsequently conducted

to investigate how ecological metrics for these species vary with flow.

3.3. Flow regime development — flow/ecology response

CASiMIR’s outputs were then utilised to identify flows for the provision of indicator species
requirements. The Hydraulic Habitat Suitability (HHS) index was utilised to provide an intuitive
dimensionless value of overall habitat quality across the site, between 0 and 1. HHS is based
upon weighted usable area (WUA) metric (Kellyet al., 2015), divided by the total wetted area.
WUA in turn is based on the Habitat Suitability Index (HSI); by multiplying habitat type by

area, with greater weighting for higher HSI values. In their proposal of HSI, Oldham et al.
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(2000) state that a direct correlation between HSI value and the species carrying capacity of
a habitat is assumed; this also applies to HHS. Whilst this assumption generally holds true, at
higher values this correlation may level out due to external drivers such as biological
interactions; high habitat quality facilitates but does not guarantee habitation, whilst poor
quality habitats by definition are unsuitable for significant species populations as discussed
in Section 3.2. CASiMiR-predicted HHS for indicator species was calculated as a function of
flow magnitude. The resulting individual responsiveness of species to flow is presented in Fig.
5.

ic Habitat Suitability

Hydray

Fig. 5. CASiMiR-predicted indicator species Hydraulic Habitat Suitability values plotted againststeady reach

inflow.

Some species were sensitive to changes in flow; at the low end of the flow range, increasing
flow from 0.01 m3/s to 0.05 m3/s resulted in a HHS increase from 0.21 to 0.45 for Hydropsyche
siltalai, whilst the same increase in flow resulted in a HHS increase from 0.28 to 0.31
for Gammarus pulex. This difference in response is quite significant, particularly at low HHS
ranges where increases of in habitat quality may mean a transition from intolerable to
tolerable habitat (Oldham et al., 2000). Such differences in response suggest that certain
species at the site are more vulnerable to changes in flow while some are more resilient.
Levels of responsiveness at the flow ranges present within Ogden Brook (approximately 0.01—
0.10 m3/s) suggest that some species will respond favourably to small increases in flow,
whereas others will show little response, particularly at the lowest ranges of flow magnitude.

Such findings may optimise flow designations depending upon seasonal species distributions.

176


https://www.sciencedirect.com/science/article/pii/S1470160X19304212#b0255
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#s0025
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#f0030
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#f0030
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#b0255

Differences in flow preferences, and responses to flow change, among species also highlights
the potential importance of flow heterogeneity in promoting biological diversity (Ward et al.,
2002). Homogeneity of flow velocity was identified as an issue associated with the modified
flow regime at the study site. To address this, CASiMiR was also used to calculate the flow
diversity of available habitat across range of flows. An index for habitat heterogeneity was
developed using Shannon's Diversity Index (H) (Magurran, 2004). The index was applied to
the range of velocity distributions present within the river channel at a given discharge, as
demonstrated in Fig. 6. Ranges of velocity reflect the range of flow environments and thus

habitats present within the system. H is calculated using:
S

H' = zpi Inp;
=1

Where S is the number of flow categories present in the sample and piis the relative

proportion of habitat in the ith category (Magurran, 2004).

fsity

on's Div

Fig. 6. Diversity of habitat;Shannon's Index of depth-averaged flowvelocity across the river channel vs channel

inflow.

This was applied by calculating the total wetted area and the wetted area covered by each
flow velocity category over a range of discrete steady inflow discharges. CASiMIR defines 8
velocity categories, from “Very Low” to “Extreme”. These categories are defined by flow
ranges set by CASIMIR for each category, from 0.00 to 5.00 cm/s for Very Low, up to
>80.00 cm/s for Extreme. The proportion of each velocity category was determined and used

in Eq. (1) to derive a measure of “flow diversity” for the study reach (Fig. 6).

It was found that habitat diversity increases with flow rapidly in the lower flow ranges, but
this trend diminishes and eventually plateaus. Beyond Q = 0.1 m3/s, flow expenditure gives
little benefit in terms of habitat diversity, and at higher flow ranges flow-habitat diversity

decreases as the river becomes more uniformly fast-flowing. Due to these diminishing
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returns, alongside the reduced responsiveness of indicator species at higher flows, and due
to local infrastructure design being based upon historical flows, designed flows were limited
to a maxima of 0.1 m3/s. Mean diversity across the range of flows (up to 0.1 m3/s) is
approximately 0.75. In order to define a lower bound for designed flows, a critical diversity
value was defined as an approximately 80% loss of habitat diversity below the mean (i.e. a
diversity value of 0.15), which corresponds to a flow threshold of approximately 0.015 m3/s.
It is recognised that the relative nature of Shannon’s index, and the difficulty in quantifying
the impact of habitat availability and heterogeneity upon the ecosystem (Yin et al., 2017),
means that habitat diversity (and thus flow) thresholds are difficult to define objectively. In
this study the threshold is designed to act as a buffer to prevent complete habitat
homogeneity, and regime-specific flow regime minima are designated through a combination
of habitat diversity and more quantitative species sensitivities identified through HSI values
(see Section 3.6). Depending upon the information available for a given system, the approach

towards such thresholds and the emphasis placed upon particular metrics may be varied.

It should also be noted that the hydraulic model for the site is calibrated at a significantly
lower magnitude than the upper natural flow range (0.024 m3/s vs 0.41 m3/s); model results
at magnitudes similar to natural conditions may therefore not provide accurate hydraulic
predictions. Additionally, local infrastructure has developed alongside the current state of the

III

flow regime; “natural” flow ranges in reservoir inflow data would be unsuitable for the current
state of the river channel and could increase the risk of flooding in the surrounding urban

area.
3.4. Flow regime development — flow naturalisation

Habitat modelling provides a prediction of ecological response to changes in flow magnitudes.
However, this alone is not sufficient to derive holistic environmental flow regimes. The
desired timings, frequencies, and durations of flow events must be considered in terms of
ecological requirements, and practical constraints must be considered in terms of
impoundment operation and storage. Such factors cannot be considered within the CASiMiR
model alone, and are often unique to a particular river or region (Konrad et al.,2011). In these
cases, species requirements from literature, and natural flows from other river systems in the
North West of England, were used to supplement model outputs and were integrated into

flow regime development.
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Ecological stability can be compromised by the loss of natural flow characteristics (Poff et al.,
1997), and therefore supplementary data was required to inform flow regime design in terms
high flow event frequencies and durations. As river systems of a similar geology and
geography experience the same climatic conditions and tend respond to a given flow in a
similar manner in terms of thermal regime and physicochemical properties (Alcazar and
Palau, 2010, Arthington et al., 2006), it is expected that the biota at Holden Wood should
respond favorably to high flow event frequencies and durations that are approximate to
typical naturalised flow regimes within the region (low flow events were not considered due
to baseline impoundment outflows already being comparable to natural low flow events).
This approach is comparable to the Before/After Control Impact approach (Underwood,
1991), but is applied on a more general regional level and does not require extensive
conformity with specific reference conditions. Long-term Holden Wood inflow data was not
available,and a transferable “regional” set of conditions was desired; therefore flow data was
obtained from 7 non-heavily regulated rivers across the North West of England, around the
Greater Manchester and Lancashire areas, through the CEH NRFA website (Centre for Ecology
and Hydrology, 2018), and the typical frequency and duration of high flow events in the region
were identified. Rivers with an average dailyflow above 1 m3/s were excluded, ensuring rivers
of similar magnitude to Holden Wood’s natural state (derived from impoundment inflow
data). This flow data, spanning on average 37 years, was processed using IHA software (The
Nature Conservancy, 2017). The particular variables of “High pulse frequency” and “High
pulse duration” were extracted from software outputs, and the median of these values was
taken for each of the 7 sites. “High flows” or “high pulses” are defined in this study as flows
that exceed 75% of the mean daily flow record. Analysis outputs are shown in Fig. 7. Mean
standard deviation of sites was 5.648 from the mean high pulse count across sites, and 0.488

for high pulse duration (measured in days).
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Fig. 7. High pulse event frequency and duration at 7 non-regulated sites, demonstrating extent of similarity of

conditions in the North West Greater Manchester and Lancashire region.
3.5. Flow regime development — impoundment storage and water efficiency

When designing managed outflow from impoundments based on ecological modelling, the
practical consideration of the impoundment structure and operational rules must be
considered. In this case both minimum permitted water levels as well as the operational
capacity of Holden Wood must be accounted for. Failure to utilise the impoundment
sustainably could result in drainage down to the extent at which the impoundment is no
longer able to continue to release the required levels of compensation flow. This would
breach the impoundment licence set by the Environment Agency, and would lead to
prosecution if not mitigated via water transfers from other impoundments. Flow regimes
were designed this constraint in mind. “Dead water”, at which point Holden Wood can no
longer drain under gravity, is below 37,000 m3 (Maddison, 2012), therefore a significant
buffer above this water level was set. Based on discussions withthe operator (United Utilities)
a minimum threshold of 100,000 m® was designated. A simple model was therefore
developed to understand storage levels as a function of both measured inflows and simulated
‘designed’ outflows over a simulation period of 1 year. This also allows the calculation of the
‘efficiency’ of each designed flow regime in terms of maintaining impoundment water levels.
The model operated using historical impoundment inflow data from 2014 paired with outflow
data (historical or proposed flow regimes), impoundment storage capacity, and volume of
spills (calculated based on exceedance volume above reservoir storage capacity). At eachdaily

time step the change in storage within the impoundment is calculated as:
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W 0+ st
dt p

where V is current impoundment storage volume (m?3), t is time (days), | is daily inflow
(m3/day), O is daily prescribed outflow (m3/day), and Sp is overflow spill rate (m3/day). Sp =0
when the storage volume is below reservoir capacity (367,000 m3); when above this level Sp
is based on the total volume of capacity exceedance. l.e. the storage model assumes that
excess water above reservoir capacity is released within one day, as would be expected in all
but the most extreme climatic conditions. At the start of each simulation the storage volume
is set based on a known value on 1stJan 2014, taken from historical records. Water levels are
calculatedfor each simulation across the proposed time series (until 31st Dec 2014), such that
the total released volume of water over the period is known, and to ensure that levels do not

fall below the prescribed minimum threshold.

3.6. Flow regime design

Individual species requirements, habitat diversity, typical regional flow event duration and
frequency, and practical reservoir and site constraints were considered to design annual flow
regime magnitude and timing in order to optimise ecological provision relative to volume of
water released. Designed regimes (A, B and C) follow the same general design shown in Fig.
8, with five high flow pulses occurring in spring and in autumn respectively, with magnitude
varying with regime. The pulse frequency and duration criteria are based on values identified
in Section 3.4. Summer and winter retain constant flow rates (not including impoundment
spills); in the case of summer, the season lacks biological information and there is a need to
retain as much water as possible due to lower rainfall, increased water demand, and the risk
of drought. In winter the cold thermal regime leads to dormancy among many taxa suggesting
lower flow requirements in this season, additionally supplementary flow from spill events are
common in this season due to elevated rainfall. The three regimes are informed by modelling
outputs described in Section 3.3, and vary based on their balance between ecological
provision and water conservation focus. Regime A aims to maximise habitat diversity and HSI
during flow maxima whilst releasing a similar volume of water to 2017 outflows; Regime B
aims to balance the two priorities, retaining a modest amount of water over 2017 levels and
maintaining moderate habitat diversity and HSI; Regime C retains more than 50% of the water
released in 2017 outflows, but ecological metrics are at threshold values. A full account of

regime design characteristics and rationale is provided in Table 1.
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Fig. 8. General design of proposed flow regimes; A, B, and C. Day =1 represents the 1stJanuary.

Table 1. Breakdown of individual flow regime design characteristics with their rationale.

Characteristic

Rationale

Maxima

A - 0.1 m3/s
B - 0.075 m3/s
C—-0.04 m3/s

Intermediate

A - 0.05 m3/s
B - 0.03 m3/s
C—-0.025 m3/s
Spring/Autumn
Baseline

A - 0.02 m3/s
B - 0.02 m3/s
C-0.015 m3/s
Reduced Summer

Baseline (Regimes A
and B only) 0.015 m3/s

Reduced Winter
Baseline  0.01 m3/s
(Regimes A, B and C)

Periods of high flow cultivate elevated habitat diversity and high
mean HHS values across indicator species for short, repeated periods
in spring and autumn. Such flows also aid in regulating the system’s
physicochemical properties (Alcazar and Palau, 2010)

Based on good habitat diversity and moderate-high HHS values
across indicator species whilst remaining within annual flow target,
prolong the period of higher flow, prevent the flow increases being
too sudden and disruptive to the native ecosystem (Blanckaert et al.,
2013)

Based on threshold for most sensitive species present in these
seasons, Gammarus pulex and Hydropsyche siltalai, identified in the
seasonal analysis of consultant data. HSI becomes poor (>0.03) below
flows of 0.02 m3/sec (see HSI vs Flow in Fig. 5). HSI above 0.02 is
maintained in Regime C, a habitat of low carrying capacity but still
tolerable (Oldham et al., 2000)

Threshold based on habitat diversity and critical habitat quality
responses to flow. Season lacks biological information and there is a
need to retain as much water as possible due to lower rainfall,
increased water demand, and the risk of drought

Lower productivity, and dormancy among many taxa during winter,
suggests lower flow requirements in this season (Olsson, 1982).
Elevated rainfall regularly supplements winter flow with spill events
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4. Results

Fig. 9 presents mean HHS over the 4 indicator species for each of the designed flow regimes,
historical reservoir inflow data from 2014 (which approximate to natural flow conditions), and
2017 outflows (i.e. measured flow into Ogden Brook). Outputs were generated first by
defining inflows for a given model simulation, obtaining hydraulic regimes through the
calibrated SRH-2D model based on the inputted flow time series, then importing this data to
CASIMIR in to generate temporal habitat quality predictions.
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Fig. 9. Mean HHS predictions resulting from implementation of flow regimes A, B and C, alongside mean HHS

based on 2017 outflows and 2014 inflows (values include effects of predicted impoundment spills).

Results show that Regime A maintains good to moderate mean HHS (~0.5-0.6) for much of
the spring and autumn period, whilst Regime B maintains lower-moderate values (~0.45)
with periods of higher HHS approaching 0.55 during pulse maxima. Regime C maintains lower-
moderate values for much of the two seasons (~0.40-0.45), with minima values dropping to
0.35; approaching the lower end of the tolerable HHS range. The more water thatis conserved
within a given regime, the more likely it is that spill events will occur due to limited
impoundment capacity. However as these events are determined by annual precipitation
they may not be areliable supplementary provision due to theirinherent unpredictability. Fig.
10 demonstrates the influences of Regimes A, B and C upon Holden Wood storage levels

based on 2014 inflow data.
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Fig. 10. Flow regimes A, B and C with associated changes in reservoir storage (based on 2014 inflow data).

Based on historical measured data, 2017 outflows at Holden Wood released 1,180,460 m3 of
water over the course of a year under the current impoundment licence. Under a previous
licence agreement, 2014 outflows released 600,284 m3. The increase in flow under the
current licence is largely motivated by environmental concerns; 2017 outflows thus provide
a good example of the continued use of the traditional steady outflow approach for ecological
provision. It is therefore possible to demonstrate potential ecological benefits provided by
increased flow magnitudes under the new licence, and to demonstrate how ecological needs
may be met more efficiently under proposed designer flows. As a reference case the yearly
variation in HHS based on the CASiMiR model was assessed under the conditions defined by
2014 and 2017 outflows.

The HHS values of indicator species were assessed between flow regimes, evaluating the
mean and peak HHS over the period of analysis. These results are displayed in Table 2, Table
3.

184


https://www.sciencedirect.com/science/article/pii/S1470160X19304212#t0010
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#t0015
https://www.sciencedirect.com/science/article/pii/S1470160X19304212#t0015

Table 2. Average HHS for 4 indicator species at Holden Wood under historical and designated flow regimes,

displaying each regime’s annual flow outputin cubic metres.

Mean HHS

2014 Outflow 2017 Outflow A B C

(600,284 m3/yr) (1,180,460 m3) (924,480 m3) (721,440 m3) (565,488 m3)
Baetis 0.38 0.46 0.4 0.39 0.37
Gammarus 0.29 0.33 0.3 0.3 0.29
Hydropsyche 0.26 0.34 0.28 0.27 0.25
Polycentropus 0.59 0.63 0.61 0.6 0.59

Table 3. Peak HHS for 4 indicator species at Holden Wood under historical and designated flow regimes,

displaying each regime’s annual flow output in cubic metres.

Peak HHS

2014 Outflow 2017 Outflow A B C

(600,284 m3) (1,180,460 m3) (924,480 m3) (721,440 m3) (565,488 m3)
Baetis 0.55 0.5 0.61 0.57 0.47
Gammarus 0.38 0.35 0.43 0.39 0.31
Hydropsyche 0.43 0.39 0.49 0.44 0.35
Polycentropus 0.69 0.65 0.78 0.71 0.63

Mean HHS values between 2014 and 2017 flows show limited response to flow
increase; Baetis rhodani shows the greatest change, and even here an increase of only 0.08
HHS is observed; a definite improvement, but requiring over 500,000 m3 more water to be
sent downstream per year. Designated regimes are shown to be capable of maintaining
average annual ecological metrics at acceptable levels, while conserving significant quantities
of water and providing frequent habitat quality maxima (demonstrated in Fig. 8, Fig. 9, Fig.
10) within the most ecologically-relevant seasons (based on Environment Agency sampling

procedure).

Habitat quality maxima demonstrate a dramatic improvement in terms of applied ecological
principles; flow variation is far greater, with ten high pulse events in contrast to the two or

three throughout the yearin 2014 and 2017 outflow data, and pulse magnitude is significantly
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higher in regimes A and B, with above a 100% increase (approximately 0.045 m3/s up to
0.10 m3/s) for Regime A, and an approximate 66% increase for Regime B (up to 0.075 m3/s).
Regime C maintains pulses in spring and autumn seasons similar to those of 2017 outflows
(though with lower duration and more flow fluctuation), despite releasing less than half the

amount of water annually.

5. Discussion

The results of this study support the premise behind criterion driven flow design
encompassing both temporal and magnitude-based requirements; despite greatly increased
outflows in 2017 historical data compared to other regimes, HHS did not increase in
favourable proportion. Whilst 2017 outflows have increased significantly relative to 2014,
they remain largely homogeneous and fail to integrate natural variation such as high flow
pulses. Thus, whilst more than 500,000 m3® more water is released, ecological improvement
relative to this is minimal. A holistic approach to environmental flow design is necessaryto
efficiently provide for ecological requirements in a world with increasingly pressing and
conflicting water resources demands. This is consistent with findings from other recent
studies (Gillespie et al., 2015a, Gillespie et al., 2015b, Worrall et al., 2014, Brooks and
Haeusler, 2016).

5.1. Assumptions and limitations

A number of assumptions are made to generate 2D model predictions. For hydraulic
predictions, channel hydraulics were assumed to be simplistic enough for depth-averaged
velocity characterisation to be appropriate. In more complex river systems, more extensive
velocity measurements at multiple depths may be required to represent river hydraulics.
Normal velocity distributions were assumed at the inflow and outflow boundaries; this
assumption was valid in this study due to the identification of ideal boundary locations
upstream and downstream at the reach. In complex, winding channels other velocity

distribution methods may be necessary.

It has been claimed that 3D models provide more robust predictions, and that the z dimension
can be an important aspect of ecological pressure and response (Pisaturo et al., 2017).
However, in the case of Pisaturo et al. (2017), the study was performed within a much larger
river system of significant depth, magnitude, and velocity. The continued success of studies
utilising 2D models even in larger river systems (Jowett and Duncan, 2012) leads this

investigation to propose that in a smaller-scale system such as Holden Wood, the 2D
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modelling approach is more appropriate. The lesser requirements of the 2D modelling
approach entails easier transferability; a desirable advantage given the aim of this framework
to be appropriate in a regional context. This is particularly the case should this approach see
more typical application within larger systems in which the computational demands of 3D

modelling would become unfeasible for most users.

Designed flow regimes derived from model results and ecological considerations are based
on the assumption that precipitation patterns reflect typical annual precipitation. During
particularly wet or dry years, adaptive management should address cases in which proposed
flows are not appropriate for current conditions; perhaps flows must be reduced to baseline
levels during droughts, or elevated flows must be prolonged during wet periods when the
reservoir is near capacity. During such extreme conditions, the expertise of the water
managers may adapt the regime accordingly, or flows may be set to pre-defined values based

on demand, similarly to 2017 outflows being defined by water level.
5.2. Environmental flow design

Flow requirements of indicator species presented in the Methods show that generally, at the
ranges of flow studied, there are diminishing returns of predicted habitat quality response to
increasing flow at the study site. Beyond 0.07 m3/s a reduction in responsiveness is observed,
and beyond 0.09 m3/s species response is generally beginning to plateau. This implies that
magnitude increases, based solely upon species preference curves, are not an efficient
solution for the ecological improvement of a system at the flow ranges studied at the Ogden
Brook site; and becomes increasingly less efficient the longer the flow is maintained. Current
impoundment outflows at Holden Wood do not demonstrate a consideration for seasonal
variation in productivity and taxon composition; this study has proposed that a criterion-
based flow design may target the key ecological timings for a system, and provide less flow at
other times such as biologicallyless active periods (e.g. winter) or periods when stricter water
resource conservation is necessary (e.g. summer). Allocating flows in this manner may allow
for ecological provision that both improves ecological metrics, and also addresses the conflict
between environmental flows and the societal need for water resource conservation. In
contrast, uniform increases to compensation flows can lead to small improvements in
ecological metrics yet disproportionately high flow expenditure, as was observed to be the

case between 2014 and 2017 Holden Wood outflows.
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The homogeneity of steady regimes reduces the range of flow (and thus habitat) conditions
at a site. Section 4 demonstrates this; 2017 outflows result in peak HHS values most similar
to Regime C, despite releasing more than double the quantity of water throughout the year.
Again, this supports the premise that such flows may release a great deal of water, yet do not
address important ecological requirements. Variation in flow and more naturalised high
pulses serve to regulate the physicochemical properties of the riverine system such as the
sediment and thermal regimes, nutrient content, and water pH, and such flows may control
species populations by preventing the dominance of single-flowspecialists (Petts and Gurnell,
2005, Richter et al., 1996). Peak HHS during Regime A flow maxima are significantly higher
(increases of 0.08—0.13) and more frequent than peak HHS during 2017 outflows; these
periods of elevated HHS may allow taxa to better establishthemselves within the reach, whilst
remaining resilient to short-term low flows between flow maxima periods due to biological
adaptations to natural flow variation (Poff et al., 1997). Regime B shows similar but less
pronounced improvements, whilst Regime C sees a slight reduction in peak HHS relative to
2017 outflows, yet utilises less than 50% the total annual outflow by comparison. Frequent
periods of elevated flow also generate greater diversity of habitat in areas of previously
homogeneous baseline flows. As greater habitat diversity facilitates greater biodiversity
(Ward et al., 2002), flows throughout spring and autumn periods in designated regimes would
in principle be expected to improve biodiversity metrics, assuming the periods of low flow
between intermediate and maxima do not remove established biota. High flow pulses also
aid in river connectivity, transferring nutrients between the main channel and periodically
wetted areas (Junk et al., 1989, Junk and Wantzen, 2004), as well as varying connectivity
between different river sections that may be separated by barriers such as weirs (Shaw et al.,
2016). Lacking such mechanisms, it is unlikely that the functional composition or level of
biodiversity within current modified systems will resemble that of their natural counterparts
(Gillespie et al., 2015a, Poff et al., 1997). Whilst raw flow magnitude has a very substantial
influence upon benthic ecology, the temporal aspects of flow such as frequency and duration
of events, based upon local natural trends, should in principle provide more holistic ecological
provision. Flow event durations and frequencies may play a key ecological role, creating more
temporally heterogeneous environment where a single species cannot dominate (Levin,
2000), driving sediment transport mechanics and their associated impacts (Kondolf, 1997),
and driving connectivity of the river with the surrounding flood plain (Junk and Wantzen,
2004). Systems with homogeneous flows have demonstrated decreased biodiversity (Wiens,
2002), and it is unlikely that flow magnitude divorced from natural conditions can ensure a

healthy ecosystem capable of meeting ecological targets (Acreman et al., 2014). A key
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challenge to the implementation of environmental flows has been the increased labour such
flow designs would entail. A transferable framework based upon general regional principles,
such as that proposed in this study, could help to alleviate some of these labour requirements
by allowing environmental flows to be designated efficiently across numerous small-scale
sites with minimal adaptation between them; sites which may otherwise be unfeasible for
restoration on a specific case by case basis. The similarity of natural river system behaviour
observed in the North West of England lend support towards this possible transferability,
though further research and flow experimentation would be necessary to confirm this with

confidence.

5.3. Further implications

This study demonstrates the potential of ecology-flow principles as a promising ongoing area
of investigation. Such investigation could be performed through a number of means; desk-
based analyses utilising IHA-style flow characteristics and ecological metrics could investigate
trends between study sites, or in-field flow experimentation could attempt to apply adesigner
flow across similar sites and monitor ecosystem response. We have demonstrated the
potential of linked hydro-ecological modelling, particularly for small-scale sites where vertical
complexity is minimal and an efficient approach is necessary due to resource constraints. A
significant outcome from this investigation has been the demonstrated potential for
significant quantities of water to be conserved through designer regimes, whilst anticipated
ecological response should be improved, both due to criteria-based flow allocation and
greater naturalisation of the regime. Regimes A, B and C promote ecological provision, with
varying prioritisations. This demonstrates the utility of this approach; it is possible to define
design criteria, which may be adapted to accommodate changing water demands and diverse
interests of stakeholders present within a given system. Validation of this approach through
post-implementation in-stream flow experiments, in order to assess ecological response to
proposed flow regimes, is a key next step. Should this method be validated, itis believed that
such flows could be applied regionally to similar river systems with minimal fieldinvestigation
requirements. Such transferability may allow for smaller scale impoundments across the UK
to implement environmental flows, where previously this was unfeasible due to the quantity
of impoundment systems and the intensity of labour required to assign environmental flows

to individual sites.

Scaling this methodology up to assess higher magnitude class river systems would likely

require adaptation of the approach. A larger number of field velocity measurements are
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recommended for more robust calibration, and the influence of vertical velocity may also
have to be considered in some cases (Pisaturo etal., 2017). Larger systems may host a greater
variety of biota, and therefore the type of indicator species selected must be considered; fish
may be present and act as an important aspect of the ecosystem (Cheimonopoulou et al.,
2011, Harris, 1995), or macrophytes might be used for analysis as in other studies (Onaindia
etal., 2005). Further system ecological model complexity might be added, including processes
that may be more relevant at larger scales, e.g. heterogeneity of bed sediment; CASiMIR is
able to consider such influences if species affinities are inputted. The flow contributions of
any downstream tributaries or depleted reaches to the site of interest would also require
consideration, and may entail a more adaptive approach to the reservoir flow regime due to
the variability of natural flow that is introduced (which could for example be informed using

hydrological modelling).

This framework currently focuses upon application for sites impacted by impounding
reservoirs; it could be possible to adapt it for use in other site restoration assessments such
as hydropower-impacted sites by incorporating the unique challenges and priorities of the
given modification into the design stage of the environmental flow regime. An example of
such a consideration would be the necessity of disruptive high flows from hydropower
releases; perhaps a regime design for such an application may focus upon dampening and
prolonging these high flows according to what is feasible without compromising the service
of the dam. Itis also acknowledged that flow is not the sole driver of ecological response, and
other stressors such as water chemistry likely play a significant role at many sites. It has been
suggested that the diverse influences of riverine ecology must be studied both through short-
term mechanistic experiments and long-term explanatory studies in order to disentangle this
complex web of interactions (Laini et al., 2018). Climate change and land use change are also
resulting in a shifting environment, further driving changes in ecological metrics (Li et al,,
2018). As understanding of these interactions grows, it would be possible to integrate further
mitigation methods into the framework presented in this study. The ability to integrate
ecological requirements according to context, and make adjustments according to new

knowledge, offers significant utility within this framework.

6. Conclusions

This study has presented a methodology by which a study site is assessed and environmental
flows are proposed based upon a combination of species response to flow (through

preference curves), the influence of magnitude upon habitat diversity, and typical
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unregulated regional flow characteristics, in order to form a holistic ecological solution.
Results suggest that uniform increases in magnitude over long periods result in
disproportionately little ecological benefit relative to volume of water released, and affirms
the use of optimised and targeted high flow events. Though there is a rich literature detailing
the concepts considered, we are not aware of any studies suggesting a similar approach by
which such a combined range of flow requirements within a particular site or region may be
assessed. Poff et al. (2017)’s update on the evolution of environmental flow science discusses
progress in almost every area, but there is not yet a unified approach to environmental flow
assessment. They emphasise the need to extend from a local scale to basin-scale perspective
(Poff et al., 2017).

Amidst this rapidly developing field in which numerous frameworks and methods for
environmental flow assessmentare emerging, this study offers a novel approach in efficient
annual flow regime designation, aiming towards regional transferability. We offer the first
steps towards an actionable regional water management solution to the issue of
impoundment-modified flow impacts that is desirable both for the purpose of ecological and
water resources conservation. Future priorities include the detailed validation of such an
approach by implementation of a derived flow regime at a case study site, and the monitoring
of ecological response in comparison to model predictions. There is also scope for this
framework to be scaled up to larger river systems, though this may require the incorporation
of other variables significant at such a scale, such as substrate type and variation and the
sediment transport regime. Fish may also be considered in CASiMiR should they be present
in the system. This investigation suggests that 2D habitat modelling remains a tool with great
potential when incorporated into such holistic practices, and shows great promise as water

managers move into transferable, regional-focused forms of investigation.
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