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Abstract

A structured and collaborative approach to design and decision-making in the context of ecological
restoration of rivers is developed and illustrated using a case study involving the mitigation of physical
barriers to fish migration on the River Trent in the UK. The integrated design and decision-making
framework provide a practical workflow model for structuring multi-attribute decisions, engaging
stakeholders, and assembling a design team needed to successfully plan environmental interventions. In
our implementation team members included ecologists, fisheries biologists, government scientists, and
representatives of key stakeholder groups. The case study demonstrated a values-based approach to
implementing an ecological restoration plan that addresses some of the long-standing barrier removal
goals associated with the reintroduction of Atlantic salmon and European Union (EU) Habitats Directive
listed species European lamprey and River eel. The integrated decision-driven, design framework

approach is highlighted by trans-disciplinarily and social learning.
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1. Introduction

Despite considerable investment in river restoration to improve degraded habitats since the late
1980s, there is limited information on the efficacy and success of river restoration activities
(Bernhardt et al., 2005; Roni et al., 2008; Roni and Beechie, 2013). Angelopoulos et al. (2017)
reviewed 671 European river restoration case studies and found only 9% could determine
ecological success, 1% reported failure, whereas the outcome of 90% of case studies were either
unclear or no information was reported. Further investigation concluded that poor or improper
multidisciplinary project planning, monitoring, and evaluation limits a manager’s ability to
detect change from restoration activities (Angelopoulos et al., 2017). Similar findings have been
reported in industrialized countries (Bernhardt and Palmer, 2005; Boon and Raven, 2012; Roni
and Beechie, 2013; Palmer et al., 2014; Friberg et al., 2016). Even though our understanding of
river restoration has improved, advances in planning and application, and determining change
and project success are still lacking. Sequentially, this leads to a systematic breakdown in
appropriate decision-making, including failure to set clear, measurable outcomes, not addressing
the root cause of habitat degradation at the appropriate scale, and failing to address rivers as
dynamic systems with natural spatial and temporal variation that influence physical and
biological diversity. An integrated systems view that gives attention to both the values of
stakeholders and scientific information concerning the potential consequences of alternative
restoration actions is required. An explicit, value-laden, decision-driven approach based on the
best available information is required that links values to facts (Gregory et al. 2012).

The river basin planning environment is characterized by competing stakeholder values,
conflicting data requirements and metrics, varying spatial and temporal scales, and incomplete
knowledge systems. Multiple frameworks have been described to aid in managing these types of
complex socio-ecological systems (Angelopoulos et al., 2017; Binder and McDonald, 2007;
Eddy et al., 2014; Hammond et al., 2011; Roni and Beechie, 2013). In addition, authors have
described approaches to environmental systems analysis by developing general but reproducible
decision-making frameworks (e.g., Gregory et al. 2012; Skidmore et al. 2011). Despite these
advances, none of these framework approaches incorporate dynamic spatial modelling, decision-
making processes or scenario creation that integrates digital technology to enable the live testing
of river restoration plans in workshop environments with stakeholders. An integrated systems

view that gives attention to both the values of stakeholders and scientific information concerning



the potential consequences of restoration actions is required; one that is explicitly value-laden
and decision-driven based on the best available information that can link values to facts (Gregory
etal., 2012).

Taking into account these imperatives, this paper develops a structured and collaborative
approach to design and decision-making for river restoration projects. To accomplish this, the
Geodesign framework (Steinitz, 2012) was integrated with key elements from Structured
Decision Making (SDM) (Gregory et al., 2012). Geodesign is at the forefront (Li and Milburn,
2016) of these applications and is a design and planning methodology that tightly couples the
creation of a design proposal with impact simulations informed by geographic context (Steinitz,
2012; McMillan-Wilhoit et al., 2018). SDM is an approach that allows careful and organized
analysis of natural resource management decisions. Based in decision theory and risk analysis,
SDM encompasses a simple set of tools and concepts and helpful steps, rather than a rigidly-
prescribed approach for problem solving (Gregory et al. 2012). The result of the integration of
these two approaches is a river restoration planning and analysis tool (RRPAT). RRPAT is
designed will allow for more consistent and thorough planning and evaluation of the potential
effects of proposed restoration plans on river values. It is anticipated that wider adoption of such
an approach could help to ensure project planning and evaluation of river restoration initiatives
are effective, transparent, and repeatable.

The objective of the RRPAT tool is to enable scientists, managers, and local watershed
stakeholders to; (1) understand better the connections between physical processes and aquatic
habitat; (2) acknowledge and understand the connections between representative data, river
processes, evaluation of key attributes, change scenarios, impacts of change, and trade-off and
decision-making in the planning and design process; (3) become aware of restoration design
alternatives that can minimize risks to species and habitat; (4) provide project monitoring and
evaluation, and foster consistent reporting; and (5) promote best practices for effective future
river management. To demonstrate the utility of RRPAT, it is applied to a comprehensive case
study on the River Trent, UK. The case study is used to examine the application of the tool to
optimize barrier removal scenarios associated with the reintroduction of Atlantic salmon (Salmo
salar L.) and European Union (EU) Habitats Directive listed species river lamprey (Lampetra

fluviatilis (L.)) and eel (Anguilla 4nguilla (L.)).



2. The General Geodesign Framework

The general framework (Fig. 1) follows Steinitz (2012) and poses six key questions in three
successive iterations through six modelling steps. The three main iterations comprise scoping the
problem, design and implementation. The six key questions are asked in an alternating sequence.
The first question asks how the river should be described with respect to content, space and time.
Representation models are used to answer this question and present the essential data (i.e.,
content, space and time) that underpin the study. The second question asks how does the river
basin function or what are the functional and structural relationships among its elements. This
question is answered by process models, which provide information for the series of assessments
that are required by the study. The third question asks if the current system functions well. This
question is answered by evaluation models, which are dependent upon knowledge of the
stakeholders. The fourth question asks how the river basin might be improved. This can be
addressed by identifying and setting the actions in a temporal and spatial context. Change models
are then used to develop and compare alternative restoration scenarios. These models also
generate data that can be used to forecast alternative future states. The fifth question asks what
differences the proposed changes might cause; this question is answered by impact models that
are assessments produced by the process models under changing conditions. Last, the sixth
question asks how the river basin should be changed; this question is answered by decision
models that, like the evaluation models, depend on the local and/or cultural knowledge of the
stakeholders involved. The first three steps in the process define the assessment phase, and the

last three stages define the options for intervention.

INSERT Fig. 1. General Geodesign Framework (Adapted from (Steinitz, 2012))

3. Structured Decision-Making (SDM) Approach

A Structured Decision-Making (SDM) framework (Fig. 2) provides a methodical and transparent
way to integrate values and objectives from multiple decision makers and stakeholders into the
decision-making process (Gregory et al., 2012). The SDM framework follows six steps that help
organize the decision-making process. The first step is designed to scope the problem and sketch
the decision context. This step includes clearly defining the decision context that identifies the

primary management objectives, the broadly defined manner in which the problem will be



addressed, the spatial and temporal boundaries, and the roles of different parties in the process.
The second step is to identify objectives. They are defined as both fundamental and means
objectives. Fundamental objectives are ecosystem and socio-economic aspects that are valued by
managers or stakeholders and are typically the focus of management decisions. Means objectives
are important because they may help achieve a fundamental objective. The third step is to
identify management alternatives that can be taken to manage river values and attributes and
achieve the fundamental objectives. The fourth step is to estimate the consequences (i.e., risk and
uncertainty) of alternative management actions on objectives. The fifth step is to trade off and
choose the best alternative for implementation. The sixth step is implementation of the plan —
which includes monitoring, evaluation and reporting. It is critical to note that the SDM process
and model outputs do not make decisions for managers but rather provide input that can help
inform decisions. The process is also iterative and provides feedback on the success and failure

of decisions.

INSERT Fig. 2. Six step process of the Structured Decision Making (SDM) (adapted from
(Gregory et al. 2012))

4. Integration of the Framework for Geodesign and SDM

The systematic application of the tool incorporating river restoration was developed according to
the process informed by Steinitz’s framework for Geodesign and structured decision-making
(Fig. 3). The integrated framework is represented by a multi-step workflow. The workflow can
be easily applied to any restoration project under a variety of information conditions. Using the
structured decision-making workflow and integration into the Geodesign framework allows
effective organization of key aspects of the process, the contribution of the stakeholders within
the different phases, and the use of appropriate facilitation techniques — ideally using a workshop
environment. Stakeholder participation plays an important role in the process, helping to
integrate local and expert knowledge of the river and therefore informing the design. The
integrated framework comprises 19 steps in 3 iterations of Geodesign. The work flow is colour-
coded to integrate the 6 steps of SDM (from Fig. 2) explicitly in the framework (from Fig. 1).
Each step is described in detail and a suite of tools and techniques are associated with each step.
Typically, when applying the framework, the first step is to provide a brief lecture to the



participants introducing SDM and the Geodesign concepts and principles, the Steinitz’
framework, the problem and the study area, and the GIS / digital approach. Workshop
participants then move through the framework step by step as described in Figure 3 and depicted
as spatial information flows for each iteration as described in Figures 4-6. Through the three
iterations, participants add detailed descriptions of the datasets and models and associated tools.

The data, models and tools are then used to assist in the development of a final course of action.

INSERT Fig. 3. River restoration planning and analysis tool workflow for river restoration

projects

Iteration one (Fig. 4) develops a collective awareness and understanding of the study area and the
scope of the problem(s) being addressed. In this iteration, the questions are posed as ‘why’
questions. The iteration is designed to build an understanding of the specific problems, issues,
considerations, constraints in the study area, objectives of the project, and the relevant context
and scales of possible change (Steinitz, 2012). In addition, the design team identifies possible
changes and impacts. The first steps in the design process must address choices and make
decisions to define the scope of the project, the potential methods, and identify the predicted
outcomes. This initial sketching of the decision is the primary focus of the first iteration. Prior to
scoping potential logical paths from representative data to final decision, proponents can map the
key ecosystem elements and processes in the decision environment thus helping to identify all
key participants (i.e., stakeholder values that are present) and any existing legal, regulatory,
societal or political constraints in the decision environment that must be considered (i.e.,
boundaries and scope). This stage clarifies the decision context. At this point all the available
data are identified, and the dynamics of the systems are characterized. A variety of tools can be
used to provide an integrated systems view. Scoping defines why things are going on and what is
valued. This integrated view allows environmental drivers to be linked: representative data to
process, process to values, value to change and impact, and ultimately the linkage to decision.
The design team can thus create a mental map of the environment in which the decision is being
made. Setting objectives and ascribing measurable values to key ecosystem components renders
the process decision to not being data driven. At this early stage of scoping, it is critical to take

the design process as far as possible to provide preliminary development of potential alternative



solutions. The decision environment can be more formally defined and structured with several
approaches or tools incorporated (i.e., science to values assessment, strategy tables portfolio

builder, brain storm, consequence tables (Gregory et al. 2012).

INSERT Fig. 4. Iteration 1 of RRPAT depicted as a spatial flow with associated questions and

requirements

Iteration two (Fig. 5) establishes the project design. Specifically, to choose and clearly define the
method of the study, the ‘how’ questions. The questions are posed in reverse order (i.e., 6 to 1).
The reversal of the question allows the design team to define the methods to be used in the study,
and consequently design becomes decision driven, not data driven (Steinitz, 2012). At this stage,
it is important to focus and define the decision. Critical to this iteration is to define the potential
impacts that are to be considered. Once the priorities are established, the design team can outline
the means or strategy by which they will create change. In addition, they will decide how to
assess existing conditions and investigate the structural and functional processes of the river of
study and specify appropriate methods and data requirements. The requirements for data
acquisition and appropriate means of representation are also identified. Once the scoping

exercise is complete, the team moves on to the core design part of the workshop.

INSERT Fig. 5. Iteration 2 of RRPAT depicting the method of design, information flow with

questions.

The design team chooses a method to prioritize impacts and defines the specific models that
forecast the impact of change scenarios. It is critical that the model forecast identifies the
consequences in terms of risks and uncertainty to allow for relative comparison, and enable trade
off between alternatives with the team. At this stage, methods to visualize the dynamic processes
are required. Ideally model outputs should be systematically organized in the matrix, making
them available for use by all the participants. Once all models are in place, running the various
scenarios can occur.

In iteration three (Fig. 6) the design team implements the methodology designed in the

second iteration. Central to this iteration are the "what’, ‘where’ and ‘when’ questions the team



pose, which allows the team to begin implementation. In this phase, the questions are asked in
forward sequence (i.e., 1 to 6). During this iteration, data become the central focus. The design
team now identifies and gathers the specific data necessary for the study, organizes the data with
an appropriate technology and represents them in a format useful for the study purposes. Once
the relevant data are organized for the process models, the resulting information is used to
develop a baseline from which assessments of both the existing study area and the impacts of
future changes are made. The potential range of future alternative states of the study area are
then compared. Decision-makers can then better understand the potential consequences, risks
and uncertainty of alternative actions and begin the process of trading off between alternatives.
This leads to three possible decisions — ‘no’, ‘yes’ or ‘maybe’. If the answer is ‘no’ or ‘maybe’,
and the design does not meet the established requirements or there is uncertainty among the
decision makers, then all or some of the six steps can revisited and alterations made. At any point

in the process, additional information can be added and decisions revisited.

INSERT Fig. 6. Iteration 3 of RRPAT as a generic process

5. Case Study

Case study selection and rational: The tool development is supported by empirical data from a
comprehensive synthesis of a large river case study in the UK. The case is focused on the
optimization of accessible habitat for Atlantic salmon (Salmo salar L.), European eel (Anguilla
9nguilla (L.)) and the River lamprey (Lampetra fluviatilis L.) on the River Trent in the UK (Fig.
1). This river case study was selected because of a rich data environment providing the
opportunity to demonstrate the full utility of the RRPAT framework to river restoration planning

and design. The case study data comes from original studies by Nunn and Cowx (2012).

Pre-workshop Planning: Case study preparation started in January 2019. The scoping phase was
carried out by the authors in conjunction with subject matter experts. The pre-workshop planning
phase included several face-to-face workshops, Skype meetings, and email communications. The

knowledge base for the case-based scenarios was developed using the expert group approach.



The Participants: Six design team members were identified. The team came from a variety of
backgrounds spanning from fish ecology, habitat management, ecological restoration, GIS
science and information technology (IT), creating a good mix of competencies for a Geodesign
study. In addition to the design team, each barrier in the case study was evaluated by a group of
twelve experts regarding all evaluation criteria (Nunn and Cowx, 2012). The participants had
previous personal knowledge of the local context of the case, having studied the data and
performed extensive field visits to the region. The expert group combined to create a multi-
disciplinary team, each member playing the role of a different stakeholder group with various

interests to simulate and assess potential futures for both river systems.

5.1 Design Workshop

Iteration 1:

Scoping of this case study used reports, existing maps and spatial data, and field-based
examination of barriers in the Humber basin and tidal River Trent, England (Cowx and O’Grady,
1995) and an expert workshop on potential for hydropower are barriers throughout the catchment
(Nunn et al., 2012). The Trent is the largest river in the Humber basin (280 km long, 10,500 km?
catchment area) (Fig. 6).

INSERT Fig. 7. Map of the Humber basin and the location of case study barrier on the River
Trent, UK

A major problem in the River Trent concerns migratory fish populations, which have been
heavily impacted by extensive modifications of the river through flow regulation projects,
construction of artificial barriers, channel modification and water quality (Cowx and O’Grady,
1995; Nunn and Cowx, 2012). The extensive industrial development of the basin has resulted in
many potential barriers to fish migration (Nunn and Cowx, 2012). Weirs, sluices and barrages in
the system act as obstructions preventing migrating fish accessing critical spawning and rearing
habitats, thus affecting distribution and population structures, and impacting on spawning
success and recruitment of fish (Baras and Lucas, 2001; Nunn et al., 2008, 2010; Nunn and
Cowx, 2012). For this case study, seven potential barriers to the longitudinal migration of

diadromous fish species in the mainstream lower reaches of the River Trent were identified and



assessed (Fig 6). To facilitate fish migration, an understanding of the types, characteristics and
impacts of barriers to fish migration is crucial. Barriers have been connected to population
declines in diadromous species (Baras and Lucas, 2001; Limburg and Waldman, 2009; Renaud,
1997; White and Knights, 1997). Even a delay in the regular migration could increase the risk of
predation, stress and disease (Gargan et al., 2011). This understanding is necessary if we are to
optimise the use of resources and achieve the best possible outcomes. Specifically, the case study
targets improving fish passage to optimize access to critical habitat for three species; Atlantic
salmon, European eel, and river lamprey. Critical habitat for these species has been well-studied
(Christoffersen et al., 2018; Degerman et al., 2019; Gibson, 2002; Harvey and Cowx, 2002;
Lucas et al., 2009; Maitland 2003; Moir et al., 2006; Nunn et al., 2007) and is identifiable by the
experts. Critically the initial studies used historical and recent studies on the distribution of the
three species in the catchment based on library archives and fisheries surveys carried out by the
Environment Agency and its predecessors. The suitability of the habitat was also assessed for its
importance to fish community dynamics using the fish-based approaches to assessing the
ecological health of the river reaches in question (Noble et al. 2007a, b; Reyjol et al. (2007). The
loss of habitat was found to be directly linked with the loss of longitudinal connectivity, an
enormous threat known to stem from anthropogenic barriers (Cote et al., 2009; Radinger et al.,
2017, 2018).

Improvements in fish passage will involve the prioritization of barriers for installation of
fish passes (to increase longitudinal connectivity). Optimizing the decision will be constrained
by available resources, which limit barrier improvement activities to a choice of any two barriers

of the seven under investigation on the River Trent.

Iteration 2:

Decision Model: The decision model is based on the outputs of impact models that define the
degree of change between the baseline (current state) and a future alternative state expressed as a
change in total accessible habitat for each target species. Accessible habitat will have some net
gain of habitat quantity and quality for Atlantic salmon, European eel, and river lamprey as
defined by Hendry and Cragg-Hine (2003), Nunn et al. (2007) and Maitland (2003), respectively.
The total positive change in accessible target habitat area is weighed by quality and further

constrained by annual limit on the number of barriers to be removed by limitations on financial



resources. This allows for a realistic setting of annual and longer-term sequential restoration
objectives. The nature of the decision requires a trading off of potential alternatives based on the
consequences and impact of different restoration plans. There are three potential decision
alternatives in this case study; 1) maximize salmon habitat, 2) maximize European eel habitat,
and 3) maximize river lamprey habitat. The fundamental objective is to maximize habitat for
each species under a minimized cost condition. The most optimal combination of barriers for
passage improvement will be determined for the river for all three objectives. The most effective
decision model for this scenario is a Multiple Attribute Decision Matrix (MADM), which can
show the relative impact of change scenarios on all evaluation criteria across all three objectives.
The MADM model evaluates the magnitude of the change caused by restoration treatments with
respect to change in accessible habitat of varying quality for the different species and the
likelihood of access.

Impact Model: To describe the potential impact of anticipated changes, it is necessary to provide
an initial ranking of barriers based on an expert assessment. Prioritization is based on an initial
scoring and ranking of several key criteria that define a composite barrier score. These criteria
include status of the fish stock, habitat quality and quantity above the barrier, passage efficiency
and likelihood of access. At this stage, spatial relationships of barriers are not included, hence
removal decisions are independent of one another. To choose an optimal set of barriers it is
necessary to describe the barriers spatially. The spatial location of barriers plays a major role in
determining factors such as fish dispersion and fish habitat colonization (Radinger et al., 2017;
Radinger and Wolter, 2015). Therefore, it is necessary to translate these values and the location
of the barriers in the river network with GIS analysis. Point data are used to represent the
barriers, and are location-verified against satellite imagery. Topographical waterbody polygon
data for United Kingdom National Ordnance Survey grid sections SE and SK were downloaded
for coverage of the study area. The river data were also verified against satellite imagery to
ensure a perfect match up with the meandering river boundary. The seven river sections were
linked up with seven access-controlling barriers (see Fig. 6). In preparation for analysis, the river
section beyond a barrier was clipped and separated up to the next barrier. Consequently, each
barrier was spatially linked to an amount of potential fish habitat whose access was dependent on

the condition of the same barrier. Area calculations were then made for each river section and



linked with the controlling barrier. The analysis was contained to main river sections only, and
smaller river linked areas such as tributaries or off channel wetlands were removed. All sections
were treated as single pathway flows, and were converted to a single pathway if necessary, to
remove the complexities involved for multiple pathway barrier conditions. The spatial position
of the barrier allowed the calculation of cumulative effects of change in passage efficiency and
subsequent changes in likelihood of access across all possible removal combinations, thus
optimizing net gain in habitat area and quality.

The assessment of stream fish passage was completed by defining fish passage efficiency
as a habitat weighted cumulative value. To calculate values, we created a generalized network
model. These points are also called nodes or vertices, and lines are designated as edges. For the
purpose of our analysis, a river network (McKay et al., 2013) was constructed with nodes at
locations along the longitudinal dimension where conditions change (i.e., tributary junctions,
barriers, other pertinent watershed locations) and edges as habitat between these nodes (e.g.,
length of river between dams). This parameterization was chosen to suit the case study problem.
All nodes in a river network were assigned barrier passage efficiency. The focus of this case
study for demonstration purposes is upstream habitat connectivity, therefore only upstream
passage rates are applied. Habitat connectivity plays a central role in the development of aquatic
communities (Cote et al., 2009). We examined diadromous life history whereby a species is
migrating upstream from the mouth of the basin. The cumulative passage efficiency is then
multiplied by the area of different types of habitat quality. Monte Carlo simulation was run for
all possible combinations for passage improvement. The result of the simulation is a histogram
showing relative change in total accessible habitat for each target species for all scenarios. The
impact model is displayed as an impact map showing the relative difference between each
alterative management scenario. The difference is expressed as a net gain or loss in accessible
habitat for each target species and as a total for all species; this can be expressed visually using
MADM.

Change Model: The choice of which barrier to remove is defined by passage improvement. Each
structure is scored on a scale of 1 (smallest potential benefits following passage improvements)
to 5 (greatest potential benefits following passage improvements) for the following parameters:

(1) ‘Fish stock status’; (2) ‘Passage efficiency’; (3) ‘Likelihood of access’; (4) ‘Habitat quantity’;



and (5) ‘Habitat quality’. All the parameters were scored on the same scale to ensure that each
was given equal weight in the prioritization process. The simple prioritization model is defined
as:

B=FXPXAXHpnX Hq
where F was the ‘Fish stock status’, P was the ‘Passage efficiency’, A was the ‘Likelihood of
access’, Hgn was the ‘Habitat quantity’ and Hq was the ‘Habitat quality’. B ranges from 1
(I1x1x1x1x1)to3125(5x5x5x5x5). The structures can then be ranked according to B,
identifying priority barriers for passage improvements (priority barriers had the highest B). Nunn
and Cowx (2012) noted that the class boundaries for F, A and Hqn can be adjusted (standardised
against the maximum value in the study) to suit species (e.g., rare vs. common) or study areas
(e.g., small vs. large catchments, low vs. high productivity), ensuring that there are no redundant

classes in the metrics.

Process Models: The effect of all processes in the system on representative data were interpreted
through expert opinion. Expert opinion was used to transform representative data into evaluation
criteria. The raw data used to describe all evaluation parameters (F, P, A, Hqn, Hqi) were collected
with a standardized methodology (Cowx and O’Grady, 1995; Nunn and Cowx, 2012). Stock
status in this case was based on known distributions of the target species in the impacted reaches
based on Environment Agency data, now held centrally in the National Fisheries Population
Database®. Each barrier was assessed for each species using empirical data (e.g., from surveys as
carried out in the current exercise [F, Hq], maps/GIS software [Hqn] or existing tools [P, A; see
Kemp and O’Hanley (2010)]); if no empirical data were available, ‘expert judgement’ was used

based on site visits (Nunn and Cowx, 2012).

Evaluation Models: Evaluation models were matrices represented by ranges of values from the
observed raw data expressed as a categorical description of condition and associated with a
nominal score. Nominal scores are on a scale of 1 (smallest potential benefits following passage
improvements) to 5 (greatest potential benefits following passage improvements) for the

following parameters: (1) “Fish stock status”; (2) “Passage efficiency”; (3) “Likelihood of

! https://data.gov.uk/dataset/d129b21c-9e59-4913-91d2-82faef1862dd/nfpd-freshwater-fish-survey-relational-
datasets



access”’; (4) “Habitat quantity”; and (5) “Habitat quality”. All the parameters are scored on the
same scale to ensure that each is given equal weight in the change model (Prioritization Model)
(B). Each value was assessed for each barrier by a group of 12 experts in the original study
(Nunn and Cowx, 2012).

Fish stock status (F) is defined as the status of the stock of the target species (diadromous fishes
or lampreys) upstream of each structure, up to the next structure, with the poorest stocks scoring
highest (Table 1). Note that “Fish stock status” refers to the ‘non-migratory’ life periods of the
target species that inhabit rivers (e.g., fry and juvenile Atlantic salmon, juvenile European eel,

ammocete river lamprey).

Passage efficiency (P) is an estimate of the percentage of the target species that successfully
passes individual structures (in normal flow conditions during the migration period), with the
lowest efficiencies scoring highest (1 = >95, 2 = 66-95, 3 = 36-65, 4 = 6-35, 5 = <5% passage
efficiency).

INSERT Table 1. Determination of “Fish stock status” for Atlantic salmon, European eel and

river lamprey

Likelihood of access (A) is an estimate of the difficulty of passage by the target species upstream
to each structure; a function of the distance from the tidal limit and the passage efficiency at
downstream barriers, where the latter is a product of the individual passage efficiencies at
downstream barriers (e.g., 25% x 80% x 100% % 50% = 10%), with the easiest passages scoring
highest (Table 2). Note that the “Likelihood of access” score of a particular structure will

necessarily be lower than those of any barriers downstream.
INSERT Table 2. Determination of “Likelihood of access”
Habitat quantity (Hgn) is an estimate of the quantity (river length, including tributaries if

appropriate) of habitat upstream of each structure, up to the next structure, with the greatest

quantities of habitat scoring highest (Table 3).



INSERT Table 3. Determination of “Habitat quantity”

Habitat quality (Hq) is an estimate of the quality of habitat upstream of each structure, up to the
next structure; a function of water quality and physical habitat characteristics, with the highest
quality habitats scoring highest (Table 4). Note that “Habitat quality” refers to the requirements
of the life period of the target species that migrates into rivers (e.g., spawning habitat for adult
Atlantic salmon and river lamprey, nursery habitat for juvenile European eel, as indicated in
studies such as Hendry and Cragg-Hine (2003), Nunn et al. (2007), Maitland (2003) and van Zyll
de Jong & Cowx (2016).

INSERT Table 4. Determination of “Habitat quality”

Representation Models: 67 potential barriers (mostly weirs) to the longitudinal migration of
Atlantic salmon, European eel and river lamprey in the Humber basin were assessed and an
additional 18 potential barriers (mostly weirs) were surveyed in the River Trent between
Cromwell Weir (tidal limit) and the Colwich (near Stafford). General information for each
structure (e.g., structure name, type and purpose, catchment, watercourse, latitude and longitude,
channel width, upstream land use, distance from tidal limit) was collated in a spreadsheet. In
addition, evaluation matrices for expert assessment / evaluation were completed. Fish density for
each target species is expressed as number per area; Passability was expressed as the percentage
pass rate for species; water quality and physical habitat character for rearing and spawning life
stage is quantified and length of stream is listed. Process matrices used these data to produce

evaluation criteria.

Iteration 3:

Representative, Process and Evaluation models: Representative data for all barriers were
presented including B-value data for each case (Table 5). The representative data provided a
range of observed values to create matrices for nominal scale qualitative characterization for
expert judgement. The case study shows the result for one river section of the River Trent for

demonstration purpose.



INSERT Fig. 8. A fully populated RRPAT Design for case study modelling for barrier mitigation
on the River Trent, UK

Change Model: The design team ran the scenario for seven barriers along the river section for the
three species of concern. All possible combinations of barrier passage improvements for three
change scenarios were run, viz. (1) maximize Atlantic salmon habitat, (2) maximize lamprey

habitat, and to (3) maximize European eel habitat.

INSERT Table 5. Values for each barrier for 3 species of concern. B = total barrier score, F=
fish stock status; P = passage efficiency; A = likelihood of access; Hqn = habitat quantity; Hq =
habitat quality

Impact Model: For the purposes of the case study, the impact models are displayed as a resulting
histogram showing the cumulative percentage change in accessible quality habitat for all possible

combinations of barrier removal for each species.

INSERT Fig. 9. Histograms depicting the total change in accessible habitat for each habitat
class by species for all 21 combinations of sets of 2 for removal

The case study analysis examined seven sequential barriers on the River Trent, each restricting
migratory access to sections of significant habitat for salmon, eel and lamprey. The design team
ranked habitat quantity and quality for all sections through expert judgement. Expert knowledge
used in this manner is dependable and well-known (see for example Lucas et al. (2009), Moir et
al. (2006), and also Christoffersen et al. (2018)). The various combinations of barrier restoration
from current expert rated passability ratings to highest possible passability rating (i.e., to 0.975
passability) were reviewed for each habitat quality class. Figure 9 shows the percentage increase
in the quantity of two classes of habitat quality (class 3 and 4) for all three species of concern.
Maximum salmon habitat gain is achieved by the removal of barrier combination 1-4 or barrier
4-5 for class 3, with an increase of 94% in each scenario. Maximum lamprey habitat gain would

be the removal of 1-4 combination increasing class 3 lamprey habitat by 142%. Eel is not present



in the class 3 improvements results. Maximal increase to class 4 habitat quality for salmon would
be the removal of barrier combination 1-4, for lamprey 1-4 and for eel any combination that
includes barrier 7. The team also examined the minimum number of barriers to get the highest
cumulative effect for all 3 species as trade off becomes necessary (Table 6). The top two barriers
that produced the maximum habitat gain cumulatively for all three species were identified. The
optimal set of barriers to achieve increase in all three species was barrier set 1 and 7.

It is important to note that when comparing the output of the impact model simulation
and the traditional site-specific classification of barriers with a total B value, the result is very
different. The B scores (Table 5) would suggest the removal of barriers 1 and 2 to achieve
maximum gain for all species, but when the data are modelled and simulated the maximum gain
is achieved by removing barriers 1 and 7. This finding underscores the importance of examining
the causal relationship between process, change and impact when exploring the development of
alternative actions and forecasting the potential consequences of proposed actions. This ability to
forecasting is critical to the creation of meaningful alternatives, and enables stakeholders and
decision makers to evaluate trade-offs in an open, pluralistic and transparent social learning

environment.

Decision Model: When the first round of synthesis is completed, each scenario in its first version
was evaluated. The visualization tool MADM platform provided an interactive impact

assessments dashboard to compare the impacts of different scenarios after the first iteration. The
users can rapidly drop/add change options or modify/create diagrams until they are satisfied with

the impact performance of their design through subsequent iterations.

INSERT Fig. 10. A multi-attribute matrix showing the relative percentage change for each
species by habitat class and the cumulative increase for all species. Values are shown as a
histogram (relative percentage increase) and a map showing the location and magnitude of the

change for the top sets of barrier removals

In addition to the use of the MADM platform a consequence table (Table 6) was used to evaluate
scenario providing a basis for trade-off between the species under the two-barrier mitigation

constraint. Alternative 1-7 provides the greatest increase in all species cumulatively and provides



maximum for all 3 species. Alternative 1-7 is chosen as the best alternative scenario to optimize
Atlantic salmon reintroduction while protecting EU Habitats Directive listed species European

lamprey and European eel.

INSERT Table 6. Trade-off consequence table of choice of barriers combination on fish habitat

6. Discussion

The general rationale for the development of the river restoration planning analysis tool was to
support scientists, river management, and local watershed stakeholders to make better informed
and structured decisions. The framework developed in this paper provides explicit guidance
describing the integration of necessary design and decision-making elements to improve decision
outcomes. The connection between fundamental objectives, which are represented by
information (i.e., performance measures), were linked using process models to allow for
measurable changes in target species habitats, and this was a fundamental element. The causal
relationship between process, change and impact is fundamental for exploring the development
of alternative actions and forecasting the potential consequences of proposed actions. This ability
to provide forecasting is critical to the creation of meaningful alternatives and enables
stakeholders and decision makers to evaluate trade-offs in an open, pluralistic and transparent
social learning environment. The consistent use of the framework will lead to standard project
identification, project preparation, project implementation, monitoring and evaluation. Bringing
such a standard practice to river restoration decision-making and project evaluation will allow
groups to share best practice. It is anticipated that applying this standard approach will build an
inventory of projects and data that will help advance the science of ecological restoration and
improve interventions.

The framework extended the use of Geodesign and Structured Decision Making in river
restoration. The application of the RRPAT to the case study will encourage more scholars and
practitioners to integrate restoration with systems thinking. The RRPAT is a framework that
guides a potential practitioner through systemic processes and comprehensive interconnections
between human and environmental systems. Such a tool provides a method to explore complex
social-ecological process and system dynamics to achieve better results that are more effective.
In contrast to site-specific design solutions, this framework provides a systematic approach that



can be used at multiple scales both spatially and temporally. The case study approach
demonstrates and improves our ability to understand the connections between physical processes
and aquatic habitat at varying scales, thus, creating a greater understanding of the connection
between restoration efforts, effects, and associated risks and uncertainty to fish species and their
habitat. The explicit incorporation of prediction and forecasting to all potential restoration
alternative actions helps to mitigate risks to protected species and habitat. The knowledge created
provides the utility to document and streamline project planning, implementation and review,
and foster consistency in evaluation and monitoring procedures, as well as promoting effective
post-project appraisals, leading to more effective future river restoration efforts.

The case study highlighted three target species habitats, or in ‘decision-making
‘language’ three values. This simple case was used to demonstrate the utility of the RRPAT
framework. In addition, representative data were applied to an expert’s judgement to create a
nominal classification system that allowed for the description and ranking or evaluation of
barriers. This approach to construct values to measure performance is subjective, but with further
iterations of the tool in data rich environments, the development of a variety of quantitative
approaches to process and prediction are realistic. This framework presented in this paper invites
future scholars, designers and planners to look beyond the boundaries of the project and embed
Geodesign and SDM approaches and systems’ elements into multi-scale, multi-level, nested
human-environment systems. The RRPAT approach provides guidance about how to use an
integrated design and decision-making process with ecological systems at multiple scales and
dimensions, rather than individual design ideas for specific sites. Furthermore, it invites
managers to identify social-ecological and spatial-temporal dimensions to restoration challenges.
In the field of policy, especially environmental policy, policy analysts can use this tool to study
existing interventions and their relations with coupled social-ecological systems to prevent
dangerous combinations of policies across scales. Future research should continue to co-opt
ideas and approaches from other disciplines for improved planning purposes.

Despite identifying a comprehensive tool for river restoration that allows for consistent
planning, implementation, evaluation and monitoring, gaps and challenges still exist to realize
the tool’s full potential. From a theoretical perspective, operationalizing the tool is challenging
because it involves complex systems and dynamic processes that require refined modelling

processes. Practically speaking, the tool acts as a catalyst for collaboration between scientists,



experts and non-experts, but coping with the varying needs to display information is an ongoing
challenge. This paper attempts to define a better planning and analysis framework that can
provide a systematic method for all practitioners to properly scope, analyse, design, implement
and report results properly. Further technological development is the next challenge for design
teams. Further research and development will more fully integrate tool kits with advances in

modern technologies.
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Table 1 Determination of “Fish stock status” for Atlantic salmon, European eel and river lamprey

Density (# 100 m?)
Score Salmon Eel Lamprey Status
1 >5 >20 >10 Very good
2 3-5 11-20 6-10 Good
3 1-2 5-10 1-5 Moderate
4 <1 <5 <1 Poor
5 0 0 0 Very poor

Note that the class boundaries can be adjusted (standardised against the maximum value in the study) to suit species (e.g. rare vs. common) or
study areas (e.g. low vs. high productivity), and that the metric refers to the ‘non-migratory’ life periods of the target species that inhabit rivers
(e.g. larval and juvenile Atlantic salmon, juvenile European eel, larval river lamprey)



Table 2 Determination of “Likelihood of access”

Distance from tidal limit (km)

<30 30-70 >70
o Low (<30%) 3 2 1
Q w
g 2
S £
£ g Moderate (30-70%) 4 3 2
(5]
g ¢ High (>70%) 5 4 3
3
s

Note that the class boundaries can be adjusted (standardised against the maximum value in the study) to suit study areas (e.g.
small vs. large catchments), and that the score of a given structure will necessarily be lower than those of any barriers

downstream.
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Table 3 Determination of “Habitat quantity

River length (km)

Score Humber Trent
1 <5 <1

2 5-10 1-5

3 11-15 6-10
4 16-20 11-15
5 >20 >15

Note that the class boundaries can be adjusted (standardised against the maximum value in the study) to suit study areas (e.g.

small vs. large catchments), and that tributaries can be included in the estimates if appropriate



Table 4 Determination of “Habitat quality”

Water quality*

Good Fair Poor
Poor (little or no suitable habitat present) 3 2 1
.‘E Fair (sub-optimal habitat present) 4 3 2
g
3 : .
'z Good (‘optimal’ habitat present) 5 4 3
e
o

*e.g. chemical General Quality Assessment (GQA) grades A-B (Good), C-D (Fair), E-F (Poor). Note that the metric refers to the habitat

requirements of the life period of the target species that migrates into rivers (e.g. spawning habitat for adult Atlantic salmon and river lamprey,

nursery habitat for juvenile European eel)



Table 5 Representative data for all barriers were presented including B-value data for each case (Table 5-
From Nunn and Cowx 2012).

Barrier Species F P A Hgn Hal B 5B Rank

1 Salmon 4 4 5 2 3 480 2030 1
Eel 4 5 5 2 4 800
Lamprey 5 5 5 2 3 750

2 Salmon 4 3 3 3 3 324 1296 2
Eel 4 3 3 3 4 432
Lamprey 5 4 3 3 3 540

3 Salmon 4 4 3 2 3 288 1032 3
Eel 4 4 3 2 4 384
Lamprey 5 4 3 2 3 360

4 Salmon 4 4 2 2 3 192 688 4
Eel 4 4 2 2 4 256
Lamprey 5 4 2 2 3 240

5 Salmon 4 4 1 3 3 144 612 7
Eel 4 3 2 3 4 288
Lamprey 5 3 2 2 3 180

6 Salmon 4 3 2 2 3 144 640 5
Eel 4 4 2 2 4 256
Lamprey 5 4 2 2 3 240

7 Salmon 4 4 2 2 4 256 624 6
Eel 4 2 2 2 4 128
Lamprey 5 3 2 2 4 240

Note B is ‘Barrier’ Score, F i the ‘Fish stock status’, P is the ‘Passage efficiency’, A is the ‘Likelihood of access’, Hqn is the
‘Habitat quantity’ and Hql is the ‘Habitat quality’



Table 6 Consequence table summarizing the impact of each alternative option on percentage increase in each habitat class and cumulative

increases for each species where AS — Atlantic salmon; EE- European eel and, RL- river lamprey. Individual species and cumulative maximum are

indicated in bold.

1-4 1-7 1-2 1-3 1-5 1-6 2-3 2-4 2-5 2-6 2-7 3-4 3-5 3-6 3-7 4-5 4-6 4-7 5-6 5-7 6-7
Class 3 AS 94 45 72 77 89 70 59 77 72 52 27 82 77 57 32 94 75 50 70 45 25
Class 4 AS 0 388 0 0 0 0 0 0 0 0 388 0 0 0 388 0 0 388 0 388 388
Class 3 EE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Class 4 EE 79 48 62 66 62 73 45 58 41 52 27 62 45 55 31 58 69 44 52 27 38
Class 3 RL 142 | 75 135 118 111 130 104 128 97 116 60 111 80 99 44 104 123 67 93 37 56
Class 4 RL 0 93 0 0 0 0 0 0 0 0 93 0 0 0 93 0 0 93 0 93 93
Cumulative AS 94 432 72 77 89 70 59 77 72 52 415 82 77 57 420 94 75 437 70 432 412
Cumulative EE 79 48 62 66 62 73 45 58 41 52 27 62 45 55 31 58 69 44 52 27 38
Cumulative RL 142 | 168 135 118 111 130 104 128 97 116 154 111 80 99 137 104 123 160 93 130 149
Cumulative Total | 315 | 648 269 261 263 273 208 262 210 220 595 254 202 212 587 256 266 641 214 589 599

Note each column (e.g. ‘1-4°, ‘1-7’, etc.) represent the unique 2-barrier combination using those barriers. There are 21 possible combinations total for the 7 case study barriers.
(i.e. (ntri(n-nY)y =21forn=7and r = 2).
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species for all 21 possible combinations of paired barrier restoration scenarios.
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Fig 10 Example of live output from the multiple attribute decision making (MADM) matrix showing
maximum increases in habitat class across all three-target species and a map depicting the spatial
distribution of the habitat increases in the river section. Row A is Atlantic salmon, row B is European eel,
and row C is River lamprey. For column 3, the blue dots on the maps are barrier combination with
greatest class 3 increase, red dots additionally show greatest class 4 increase barrier(s). Map river sections
shown in green are key habitat areas associated with greatest increase scenarios.



