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ABSTRACT 

The aging Mactaquac Hydroelectricity Generating Station (MGS) on the Wolastoq | Saint 

John River (SJR) is one of Canada's largest dams and it is reaching the end of its service 

life. My research focused on quantifying existing and future fish habitat downstream of 

the MGS, considering current management options to renew the infrastructure in the 

short-term with a longer-term solution of rebuilding or removing. In detail, my project 

applied a hydraulic-habitat model to assess habitat change and predicted effects on fish 

communities for future regulated and climate-induced flow regimes. Fish communities 

were surveyed and related to habitat characteristics both up- and downstream of the 

facility, and habitat requirements were defined for three distinct fish assemblages based 

on meso-scale habitat use and expert opinion. Modelling predictions suggest that dam 

operation and flow regulation resulted in a general decrease in habitat availability for 

each fish assemblage when being compared to the historic flow regime prior to the 

construction of the MGS. Furthermore, under the current dam operation scheme, 

rheophilic species were predicted to be limited in habitat conditions during the critical 

summer low flow period, with habitat availability averaging below 20% and never 

exceeding 30% of the wetted channel area at any day in the time record (1968 to 2015). 

The implementation of environmental flows ranging around the proposed Q50 flow rate 

was predicted to minimize the duration of stress events and increase the availability of 

suitable habitats on a community scale. Similarly, a future climate induced flow regime 

under a dam removal scenario was predicted to result in improved conditions for fish 

species.  
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Recommendations informed by this thesis aim to improve habitat conditions for multiple 

species and are given to hydropower and fisheries managers. Proposed strategies include: 

i) implementing environmental flows ranging around a Q50 flow rate for the SJR, and ii) 

continuing fish community monitoring in the SJR and extending surveys to seasons other 

than the summer period to gain better insights into flow-ecology relationships of 

imperiled species. 
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Chapter 1:  Introduction 

This doctoral dissertation examines the potential impact of hydropower dam renewal and 

removal scenarios on fish communities in the Wolastoq | Saint John River (SJR), New 

Brunswick, Canada, using a habitat modelling approach. Potential changes in existing 

and future fish habitat for associated fish assemblages are quantified on the micro- and 

mesoscale during the critical summer low flow period. The abiotic component of the 

model uses a 2D- hydrodynamic model to simulate patterns in flow velocity and water 

depth of a 20-kilometer reach downstream of the Mactaquac Generating Station (MGS) 

for a selected range of flows. The biotic component of the model is based on fish 

community surveys in the vicinity of the MGS, collected for three summers (2016-

2018), and expert knowledge to link hydraulic-biotic relationships. A fuzzy logic 

approach is used to quantify the uncertainty associated to the abiotic and biotic 

components of the model and predict habitat suitability for fish assemblages. 

Ecohydraulic metrics are derived from the model and translated into a habitat time 

series, to discuss potential changes in flow regimes and their effects on fish habitat in the 

SJR. 

Chapter 1 describes the key concepts and challenges that provided the motivation to 

write this work and establishes the scientific context for the research. I begin by 

discussing global and Canadian challenges and trends at the frontier of sustainable 

hydropower and conservation of rivers. Next, I introduce with broader context of the 

Mactaquac Aquatic Ecosystem Study (MAES) the current issues of dam operation at the 

SJR and its effects on the fish community. Since the predictions of future management 
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scenarios of the MGS revolve around habitat modelling, I provide an overview of 

essential principles in the methodology. Furthermore, I discuss the issue of spatial and 

temporal scales in modelling approaches and provide an outline regarding the current 

debate of strengths and weaknesses of habitat models. In the final paragraph of this 

introductory chapter, I present the research objectives of the thesis and subsequently 

describe the purpose of each chapter. Key findings associated to each research objective 

are synthesized in Chapter 7 to highlight the significance of the work herein. Throughout 

the thesis I use the terms mesohabitat or hydro-morphological units to refer to the 

relevant spatial scale of habitat use by fish (100-102 m). For details regarding the 

nomenclature and classification of micro- and meso-scale habitat, the reader will be 

referred to Chapter 2. 

1.1 Hydropower and the Environment: Challenges in river management and 

conservation 

Rivers throughout the globe are under increasing threat from anthropogenic disturbance 

and multiple impacts of climate change, causing an apparent decline in freshwater 

species (Darwall et al., 2018; He et al., 2018). The construction of dams, pollution, and 

modification of channel morphology rank among the most significant pressures affecting 

the functioning of aquatic ecosystems and related ecosystem services (Arthington et al., 

2010; Reid et al., 2019). Concurrently, intensifying climate change necessitates the 

society to transition the energy sector from fossil fuels towards an increased share of 

renewable energy sources, such as hydropower. However, hydropower facilities with 

large dams and associated reservoirs produce significant changes in hydrology, water 
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temperature, water chemistry, sediment transport and nutrient cycling (e.g., Poff et al., 

1997; Wohl et al., 2015). For example, hydropeaking, i.e., the raising and lowering of 

water levels in a river to meet diurnal consumer demands, can impact the presence of 

aquatic biota through increased stranding risk during prolonged drawdown periods or 

spawning interference (Schmutz et al., 2015; Andrews et al., 2020). Furthermore, the 

maintenance of water levels in reservoirs dampen flow pulses and prolong low flow 

periods in downstream sections of the river (Poff et al., 2007). This can potentially favor 

invasive generalist species over native specialists adapted to lotic conditions (Mims & 

Olden, 2013).  

Despite the economic importance of hydropower and increasing societal demands of 

water, steps need to be taken to balance management and conservation efforts in rivers 

(Poff & Schmidt, 2016). An increased recognition of the interplay between a river’s 

natural flow regime and ecosystem functioning has led to development of environmental 

flow frameworks (Poff et al., 2010; Yarnell et al., 2015). Specifically, environmental 

flows address the quality, quantity and timing of flows required to sustain freshwater 

ecosystems and human livelihood and well-being dependent upon these ecosystems 

(Arthington et al., 2018). A variety of tools and methods have been developed to 

implement environmental flows into monitoring programmes and environmental impact 

assessments, ranging from hydrological methods to habitat simulation models and 

holistic approaches (Tharme, 2003; Linnansaari et al., 2013).  

Besides detrimental effects of hydropower on rivers and a global boom in the 

construction of dams (Zarfl et al., 2015), there are also concerns regarding the future 

maintenance of installed infrastructure, as many dams approach the end of their service 
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life (Poff & Hart, 2002; Poff & Schmidt, 2016). Consequently, there is an increased 

effort to develop mitigation strategies in fish passage and flow regulation to update and 

modernize facilities (Rahel & McLaughlin, 2018), as well as exploring ways of habitat 

restoration via the removal of dams (Poff & Hart, 2002; East et al., 2015). 

Canada is currently the world’s third largest producer of hydropower with more than 75 

GW of installed capacity, which represents 63 % of the country’s energy production 

(IHA 2013, http://hydro.canadiangeographic.ca). There is significant potential to 

increase hydropower production in Canada (EEEC 2016; Hermoso, 2017), highlighting 

the need of mitigating environmental impacts on rivers. The recently reformed Fisheries 

Act emphasizes the importance of habitat in planning and monitoring and implements 

key characteristics of the rivers’ flow regime (Maas and Curry 2019). Aquatic habitats 

are defined by the physical template on which biota have adapted and magnitude, 

frequency and predictability of temporal variation are fundamental components to 

sustain biodiversity and ecological integrity in the system (Southwood, 1977; Poff & 

Ward, 1990). The relationship between the structure of fish communities and their 

physical environment has been well established (Vadas & Orth, 2000; Lamouroux et al., 

2002), and the use of habitat modelling to predict responses of species to hydro-

morphologic alteration in rivers has become a fundamental component of environmental 

impact assessments in Canada and internationally (Linnansaari et al., 2013). 

The work presented in this thesis builds upon these concepts and uses a habitat 

modelling approach to investigate the response of fish assemblages to dam renewal and 

removal options in a large regulated river. The Mactaquac Aquatic Ecosystem Study 

(MAES) represents an ideal case study to investigate flow-ecology relationships 
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required to build a habitat modelling framework and provide the science to guide 

management and conservation efforts. 

1.2 Mactaquac Aquatic Ecosystem Study (MAES) 

This work was carried out as a part of MAES, which is a whole-ecosystem study 

developed by the Canadian Rivers Institute (CRI) in partnership with New Brunswick 

Power (NBP) to assess the potential impacts of the MGS on the surrounding SJR. The 

MGS, a 672 MW run-of-the-river hydroelectric facility, became operational in 1968 and 

is expected to reach the end of its service life by 2030 due to an alkali-aggregate reaction 

within concrete portions of the station. The MGS supplies 12 % of the electric power 

production for New Brunswick. NBP identified four management options for the future 

of the MGS (Figure 1.1): i) repowering the station with a new powerhouse and spillway; 

ii) retain the reservoir, but with no hydropower production; iii) removing all parts of the 

facility allowing the river to follow its natural course; or, iv) keep existing structures and 

extend the service life to its intended 100-year lifespan. The latter option, known as Life 

Achievement, was selected as the preferred option in 2016. 
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Figure 1.1 A) The Mactaquac Generating Station in the Saint John River, New 

Brunswick, Canada (Photo Credit: Canadian Rivers Institute and NBP; adapted from 

Babin 2019) and conceptual rendering of B) Option 1- Repower, C) Option 2- Retention 

and D) Option 3- Restoration (Stantec Consulting Ltd. 2015). Option 4- Life 

Achievement represents maintenance of the current state of the MGS and is not shown 

in this figure. Arrows represent the direction of the water flow. 

 

The SJR is the second longest river (after the St. Lawrence River) in eastern North 

America (55,000 km2), with 11 hydroelectric dams in the watershed (Kidd et al., 2011). 

At the MGS, river discharge averages ~1100 m3/s with river widths and depths 

averaging 750m and 2m, respectively (Kidd et al., 2011). The study reach is the ~20km 

stretch downstream of MGS to the City of Fredericton where the river widens, and the 

tidal influence intensifies (Figure 1.2). The MGS hydroelectric facility is operated using 
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a run-of-the river approach, allowing for relatively natural seasonal extreme high flows, 

whereas minimum low flows are altered to maintain safe and effective operation of 

turbine units and to provide attraction flow for fish trapping (Monk et al., 2018). 

Extreme low flows typically occur during the end of the summer (Monk et al., 2018). 

The river supports the greatest diversity of aquatic plants and animals in eastern Canada, 

including 15 species at risk (Martel et al., 2010). Previous studies assessed the impact of 

multiple stressors on the fish community in the SJR, emphasizing the deleterious effects 

of existing barriers and regulated flows (Curry & Munkittrick, 2005). 

 

Figure 1.2 Map of the focused impact reach of the Mactaquac Aquatic Ecosystem Study, 

ranging from the Mactaquac Generating Station to the City of Fredericton (~20km). 
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The SJR has a relatively high diversity of fishes for a temperate river with 55 

documented fish species (Linnansaari et al., 2017). Fourteen species are considered 

diadromous and undertake at least partial migrations between marine and freshwater 

habitat, using the river to reproduce or to grow and mature (Kidd et al., 2011; 

Linnansaari et al., 2017). Diadromous fish species have shown to be particularly 

susceptible to hydropower operation, since dams act as barriers to migration routes and 

block access to spawning grounds (Hall et al., 2011; Liermann et al., 2012). Fish passage 

management at Mactaquac includes three species, namely Atlantic salmon (Salmo 

salar), Alewife (Alosa pseudoharengus) and Blueback herring (Alosa aestivalis). Fish 

are moved upstream with a capture (i.e., fish trap with lift) and trucking system, but 

efficiency of successful passage is uncertain (Linnansaari et al., 2017). Five out of six 

species that are protected under the Canadian Species at Risk Act (SARA) (i.e., 

American eel, Anguilla rostrata; Atlantic salmon; Atlantic sturgeon, Acipenser 

oxyrinchus; Shortnose sturgeon, Acipenser brevirostrum; and Striped bass, Morone 

saxatilis) have been observed in the 20 km high impact reach downstream of the MGS 

(Curry unpubl. data; no observation of Redbreast sunfish, Lepomis auritus in this area). 

Furthermore, there are several species that have been introduced to the system. While 

Smallmouth bass (Micropterus dolomieui) and Chain pickerel (Esox niger) have been 

introduced but are now considered “naturalized” (i.e., established as a part of natural fish 

fauna in New Brunswick), Muskellunge (Esox masquinongy) and Rainbow trout 

(Oncorhynchus mykiss) appear to be common in the vicinity of Mactaquac, and fish 

community surveys have documented the presence of Brown trout (Salmo trutta), 
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Fathead minnow (Pimephales promelas), Central mudminnow (Umbra limi) and 

Largemouth bass (Micropterus salmoides) in the SJR system.  

The distribution and structure of fish communities can be significantly influenced by the 

physical environment (Wilkes et al., 2015; Smith et al., 2016). Considering the diverse 

fish community and presence of species at risk, in combination with the uncertain future 

of the MGS, there is an urgent need to identify the response of fish assemblages to 

hydro-morphologic alteration. Habitat change and loss represent important metrics to 

evaluate environmental impacts on aquatic ecosystems, and habitat models allow 

quantifying these changes under variable scenarios. 

1.3 Habitat modelling 

According to the Canadian Fisheries Act (Fisheries Act, RSC 1985), fish habitat is 

defined as “Spawning grounds and any other areas, including nursery, rearing, food 

supply and migration areas, on which fish depend directly or indirectly in order to carry 

out their life processes.” In this thesis, I assume that habitat is the part of a river that fish 

or other biota and their life stages prefer for a successful survival and reproduction. A 

rivers’ flow and channel form the hydraulic template on which biota have adapted 

(Southwood, 1977; Poff & Ward, 1990). Habitat simulation methods use this template to 

link the regulation of flows or modification of the channel to a biological response, 

assuming an underlying relationship between the level of flow and the ‘optimal’ 

physical habitat conditions for a target species (Bovee, 1982). Numerous approaches 

have been developed to understand and predict flow-ecology relationships across spatial 

and temporal scales (e.g., see Dunbar et al., 2012 and references therein). Importantly, 
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proper assessment of habitat requirements and availability involves monitoring of two 

integral, but separate parts. First, the biotic response of a species to critical physical 

habitat variables must be understood, and various methods for collecting habitat use data 

are commonly used, including biotelemetry, direct observation, and various ways where 

individuals are directly captured across different habitat types (Bovee et al., 1998; 

Parasiewicz, 2007). Second, the amount of habitat must be understood; however, the 

availability of suitable habitat units varies with discharge, which results in spatio- 

temporal patterns of habitat utilization (Wolter et al., 2016). Thus, habitat models in 

rivers typically consist of biotic and abiotic modelling components (Melcher et al., 

2018), which will be described in more detail in the following section. Furthermore, this 

section will outline the necessity to identify and quantify critical habitat, considering 

spatial and temporal scales (Carbonneau et al. 2012; Fausch et al. 2002), followed by a 

critical review of the habitat modelling concept in general. 

1.3.1 Biological component of habitat models 

The range of physical habitat conditions that are needed to optimize life stage or season-

dependent habitat requirements of a target species are described in the biological 

component of habitat simulation methods. Selected species or a group of species are 

observed under varying physical conditions and their position or behaviour inform about 

their habitat use. Traditionally, recorded physical habitat parameters are flow velocity, 

water depth, substrate particle size and cover (Bovee, 1982; Dunbar et al., 2012). Next, 

flow - ecology relationships are expressed in form of univariate or multivariate 

preference functions, to represent how ‘suitability’ of a stream location for a species is 
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related to physical habitat variables. Biotic sampling of species abundance ranges from 

point-scale observations (i.e., microhabitat) to mesoscale sampling, focusing on a larger 

area of similar habitat conditions (i.e., mesohabitat). The preference curve method has 

been widely used and represents the fundamental building block of classical physical 

modelling platforms such as PHABSIM of the Instream Flow Incremental Methodology 

(IFIM; Bovee, 1982; Stalnaker et al., 1995), but a large variety of alternative approaches 

exists. Ahmadi-Nedushan et al (2006) provide an in-depth review of available statistical 

methods to analyze flow - ecology relationships in aquatic habitat suitability models. 

Typically, the habitat suitability index (HSI) is used to represent flow - ecology 

relationships as a proportionate ratio of habitat use and availability (Bovee, 1982). HSI 

values are scaled from 0 to 1, with 0 representing unsuitable habitat and 1 optimal 

habitat conditions. The collection of habitat use data is often time-consuming and 

focused on single species such as salmonids (e.g., Heggenes, 1990), thus neglecting 

habitat requirements of rare or socio-economically unimportant species. Approaches to 

investigate flow - ecology relationships structuring fish communities based on habitat 

use (Vadas & Orth, 2000; Persinger et al., 2011), life history strategies or traits (Mims & 

Olden, 2012; Macnaughton et al., 2016) are becoming increasingly popular. Despite this 

trend, community-level assessments are still scarce in ecohydraulic studies, and habitat 

use data are often only available in the form of qualitative expert knowledge. This is 

particularly relevant in large rivers with diverse communities, as is the case with the 

SJR. 

Since the objective of this thesis was to analyze the response of fish assemblages to 

changes in habitat, an alternative approach to the preference curve method was required. 
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Multivariate fuzzy logic allows incorporating expert knowledge and represents a suitable 

alternative to univariate preference functions in habitat modelling (Ahmadi-Nedushan et 

al., 2006). Here, experts define habitat variables (e.g., water velocity, substrate particle 

size, water depth or cover) using partially overlapping membership functions, which are 

described by imprecise (= “fuzzy”) quantities based upon linguistic categorical 

variables, such as “high”, “medium” or “low” (Schneider & Kopecki, 2015). These 

linguistic variables are combined using IF- THEN rules, which define the habitat 

suitability for the species of interest.  

A fuzzy system includes two parts: 1) the fuzzy sets that define the degree of 

membership of a habitat variable to a given category and 2) fuzzy rules that define the 

consequence of different habitat combinations to the target species. 

Fuzzy sets are simple, linear or non-linear functions, defining a degree of membership 

(DM) to a category represented by a range of values of a habitat variable. This DM is 

quantified by a membership function, varying from 0 (the value does not belong at all to 

the category) to 1 (the value belongs fully to the category). Membership functions can be 

described by several forms but are usually represented by triangular or trapezoidal 

functions (Figure 1.3).  

Fuzzy rules are the next step in the process. Fuzzy rules allow different fuzzy set 

variables to be combined using IF-THEN operators. IF-THEN rules define how these 

sets combine with each other, and result in a habitat suitability index, i.e., describe the 

consequence of the rule for target biota. An example of a fuzzy-rule for a rheophilic (i.e., 

flow-preferring) fish assemblage could be: If flow velocity is high AND water depth is 

moderate AND substrate diameter is moderate THEN habitat suitability is high. 
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These descriptive rules are generated by individual experts and are further used in a 

computer-algorithm to generate habitat modelling outcomes. 

 

Figure 1.3 Example of fuzzy sets, for flow velocity with four linear (trapezoidal) 

membership functions describing the categories “slow,” “medium,” “fast” and “very 

fast”. Areas in gray represent the degree of overlapping in membership functions (“fuzzy 

area”), and values between 0.2 to 0.4 m/s, 0.6 to 0.8 m/s and 1.2 to 1.5 m/s partially 

belong to both slow to medium, medium to fast and fast to very fast categories, 

respectively. 

 



 

14 

 

1.3.2 Abiotic component of habitat models 

Once the biological response to changes in flow is described, stream flow properties 

(e.g., velocity, water depth or turbulence) can be quantified using field measurements 

(Jowett, 1993), statistical methods (Lamouroux et al., 1998) or numerical hydrodynamic 

models (Jowett & Duncan, 2012; Tonina & Jorde, 2013). The objective is to quantify 

physical habitat and understand how it relates to changes in flow and morphology. 

Modelling approaches range from relatively simple 1D models, based on cross-sectional 

surveys, to more complex 2D and 3D models that require continuous topographical 

surveys. Numerical hydrodynamic models simulate hydraulic properties based on the 

conservation of mass, energy and momentum (Tonina & Jorde, 2013). To optimize the 

performance for modelling fish habitats, the shape and resolution of the grid mesh needs 

to be customized according to the specific scope and aim of the research project, 

followed by calibration and validation of modelling outcomes (Tonina & Jorde, 2013). 

Selected hydraulic variables can subsequently be converted to raster maps and linked to 

additional mapped data such as dominant substrate particle size or sources of cover. 

1.3.3 Combining biotic and abiotic habitat model components 

For an integrative habitat assessment, calibrated hydraulic predictors need to be 

combined with an established flow - ecology relationship to compute a composite 

suitability value for each cell in the model. To summarize the habitat suitability for the 

study reach for each respective flow, most commonly used metric is the weighted 

useable area (WUA, Bovee, 1982), as an integration of the HSI over all cells: 
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where Ai describes the area of the single cells and SIi refers to the composite HSI of that 

respective cell. The WUA provides a measure of useable physical habitat and is always a 

proportion of the total river area (Melcher et al., 2018). Finally, the summation is carried 

over repeatedly across the range of discharge conditions to produce the habitat-discharge 

rating curves (see Figure 1.4). 

 

Figure 1.4 Conceptual illustration of the Weighted Useable Area concept and resulting 

habitat rating curve at 250 and 500 m3/s discharge at the Saint John River. 
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In environmental flow assessments of regulated rivers, habitat-discharge rating curves 

can be combined with long term flow records to compute a habitat time series, that 

shows how availability of suitable habitats is changing in response to dam operation 

(Parasiewicz, 2008). This approach has shown to be instrumental in setting flow targets 

and conservation strategies in numerous case studies (e.g., Vezza et al., 2012; Spurgeon 

et al., 2019). 

1.3.4 Debate about habitat modelling 

Despite the popularity and frequent use of habitat models in Canada and internationally, 

there are various studies criticizing the limitations of the methodology (Lancaster & 

Downes, 2010; Railsback, 2016). First, habitat availability does not represent habitat use 

or infer abundance of a target species, which means that the presence of suitable habitat 

conditions does not necessarily result in the presence of the species of interest. Habitat 

selection may vary based on behavioral and other biotic factors, such as abundance of 

food, competition or predator avoidance (Railsback, 2016), and overall species 

abundance may be limited by a number of factors unrelated to habitat availability (e.g., 

overharvesting, presence of deleterious substances, temperature regime). Furthermore, 

spatial and temporal scales are frequently being mishandled in habitat studies, with cell 

size representing an artefact of hydraulic modelling convenience, rather than an 

appropriate resolution based on the biology of the species being modelled (Railsback, 

2016). Moreover, the assumption that species track suitable habitats and immediately 

leave a site when conditions become unfavorable, neglects the resilient nature of aquatic 

organisms (Kemp et al., 2003). For example, due to the dynamic nature of rivers, fish 
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are typically able to persist a ‘natural’ decline in habitat quality (e.g. low flows during 

dry periods) in the short term and only migrate when these conditions become a 

permanent stressor (e.g. minimum flows due to water abstraction). The duration, 

magnitude and frequency of stress periods for fish assemblages are consequently 

important metrics to identify seasonal and permanent bottlenecks in habitat conditions 

(Parasiewicz, 2008). To ensure effective and transparent workflows it is essential to take 

above mentioned factors into account and quantify uncertainty accumulating from both 

the biotic and the abiotic components of habitat models, and add confidence intervals to 

flow-habitat rating curves (Linnansaari et al., 2013). 

1.4 Synthesis, Objectives of Dissertation and Overview of Chapters 

The work in this thesis attempts to resolve some of the issues surrounding habitat 

modelling and investigates potential effects of future dam management options on fish 

habitat in the SJR. The research objectives were derived as a synthesis of the themes 

reviewed in the previous paragraphs. Three of the four management options under 

consideration by NBP, namely Option 1 (repower the station with a new powerhouse 

and spillway), Option 2 (retention of the reservoir) and Option 4 (Life Achievement) all 

involve changes of the natural flow regime due to hydropower operation or maintenance 

of water levels (Figure 1.1). The selection of Option 4 will retain the existing structures 

including the reservoir, extending the service life of the MGS to its intended 100-year 

lifespan. Option 3 (dam removal) would reduce hydropower impacts in the SJR and 

restore fish habitat and flow regime in the currently impounded- and the tailrace reach of 

the river. Future flow regimes under the dam removal scenario will also consider 
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projected changes in climate due to expected shifts in precipitation and runoff patterns in 

the catchment (Gauvin St-Denis & Huard, 2015; Dugdale et al., 2018).  

The overarching objectives of this dissertation were constructed around two main 

themes. The first goal was to characterize the existing fish community in the vicinity of 

the MGS and further establish flow-ecology relationships between fish assemblages and 

meso-scale habitat, which was a necessary step to be able to use an assemblage 

approach in the SJR habitat model. While Chapter 2 provides the theoretical background 

to establish the scientific context of meso-scale fish-habitat relationships, Chapters 3 and 

4 were prepared to fulfil the first objective. The second and main goal of this dissertation 

was to quantify changes in habitat conditions resulting from future regulated or hydro-

climatically driven flow regimes downstream of the MGS and identify fish assemblages 

that are expected to be most susceptible to habitat limitations during the critical summer 

low flow period. Chapters 5 and 6 were prepared to answer these questions. 

The dissertation is presented in a peer-reviewed journal article format. Each of Chapters 

3-6 include their own, more specific hypothesis/predictions that are not repeated here; an 

overview of the purpose of each chapter, and how they are linked to answer the overall 

objectives of the dissertation is provided below. The works presented in this thesis were 

conducted with the help of a multi-disciplinary team based from different university 

departments and government institutions. The contributions of the authors are described 

in Appendix 4.  

My thesis starts by synthesis of the available mesohabitat modelling information in 

Chapter 2. Physical habitat structures fish communities in rivers and changes in flow and 

morphology can significantly influence the presence and abundance of species (Smith et 
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al., 2016; Macnaughton et al., 2017). Mesohabitats have been identified as a relevant 

spatial scale to establish flow-ecology relationships and to represent fish habitat use in 

streams (Schwartz & Herricks, 2008; Wilkes et al., 2015). However, numerous 

challenges remain in large rivers with diverse fish communities. One such challenge is 

the delineation and mapping of habitat units under non-wadable conditions. Standard 

mesohabitat surveys are unfeasible and problematic in large rivers, which are non-

wadable even under low-flow conditions and require alternative approaches to analyze 

fish habitat. Chapter 2 gives an in-depth literature review of mesohabitat modelling tools 

for fish and addresses advances in remote sensing and numerical modelling that can be 

used to quantify aquatic habitat in large rivers. 

Habitat modelling presents challenges beyond issues related to sampling in large rivers. 

While meso-scale modelling of fish-habitat relationships has been used to estimate fish 

community metrics (e.g., abundance, biomass or species richness; Boisclair et al., 2016), 

there are various factors that can potentially bias predictions regarding the status of fish 

populations. For example, species-specific behaviour and life history strategies involve 

changes in habitat use by time of day, season and flow stage. Chapter 3 investigates how 

fish community metrics are influenced by diel period during the critical summer low 

flow period in meso-scale habitats upstream and downstream of the MGS and presents 

models that predict the required sampling effort to improve accuracy and precision of 

abundance and occupancy estimates.  

Chapter 4 addresses a third common challenge, namely, implementing community level 

assessments in habitat modelling studies. In general, water resource management is 

frequently focused on single species, thereby neglecting habitat requirements of rare or 
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elusive species and ignoring biotic interspecific interactions. Community level 

approaches such as the formulation of fish guilds based on habitat use or life history 

strategy represent suitable alternatives to consider habitat preferences of multiple species 

simultaneously (Schwartz, 2016; Spurgeon et al., 2019). In Chapter 4, I apply the 

ecological guild approach to fish based on meso-scale habitat information in surveyed 

reaches downstream the MGS.  

In Chapter 5, identified fish assemblages are subsequently used as target groups in the 

SJR habitat model and their habitat requirements are defined using expert knowledge of 

15 fish biologists from Atlantic Canada and Maine (USA). Hydraulic-habitat models 

typically neglect quantification of uncertainty aggregating from biotic and abiotic 

components of the modelling framework and report habitat rating curves without 

confidence intervals (Linnansaari et al., 2013). This can be problematic when habitat 

predictions are used to set environmental flow targets in regulated rivers, since the 

degree of uncertainty will determine the ecologically acceptable range of flows during 

specific bioperiods. Chapter 5 defines a habitat modelling framework that quantifies 

uncertainty of both, biotic and abiotic components, using the SJR as a case study. For 

the biotic component, the inherent uncertainty in expert judgment is quantified using a 

fuzzy logic rule-based approach (i.e., as described in section 1.3.1.), while systematic 

error from the hydrodynamic model is determined by ADCP transect measurements at 

different flow stages (Ndong et al. 2019). Furthermore, I test the performance of i) 2D 

hydrodynamic modelling and a supervised fuzzy rule-based classification to reproduce 

hydro-morphologic units (HMUs) in the SJR at the meso-scale, as well as ii) the 
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predictive capability of habitat suitability as a metric indicating the presence of indicator 

species of each assemblage.  

Finally, in Chapter 6, I apply the habitat model to the SJR in the context of MAES and 

quantify existing and future fish habitat under variable managed and hydro-climatically 

driven flow regimes. In order to answer the overall objectives of this dissertation (see 

above), the following research questions were asked: 

i) What meso-habitat modelling tools are available for fish and which provide 

suitable solutions in large regulated rivers? (Chapter 2) 

ii) How is the fish community structured in the vicinity of the MGS? (Chapter 3 

and 4)  

iii) What is the effect of day versus night sampling on fish community metrics in 

meso-scale habitats up- and downstream of the MGS? (Chapter 3) 

iv) Does sampling effort during daytime need to be adapted to improve accuracy 

and precision of abundance and occupancy estimates for different fish species? 

(Chapter 3) 

v) Can fish assemblage structure be explained by meso-scale hydro-

morphological units? (Chapter 4) 

vi) What species can be grouped to fish habitat assemblages and used as target 

groups for habitat modelling purposes? (Chapter 4) 

vii) Can 2D hydrodynamic modelling be used to predict meso-scale HMUs in 

large rivers under variable flows? (Chapter 5) 

viii) How is the spatial distribution and areal extent of HMUs changing at 

different flow conditions? (Chapter 5)  
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ix) To what extent do biotic and abiotic components of the SJR habitat model 

determine the degree of uncertainty in habitat rating curves and how does 

uncertainty in expert judgment vary between fish assemblages? (Chapter 5) 

x) Is HSI a suitable metric to predict the occurrence of indicator species of fish 

assemblages? (Chapter 5) 

xi) What are spatial and temporal effects of projected changes in flow regime on 

fish habitat in the SJR during the critical summer low flow period? (Chapter 6) 

xii) What fish assemblages are predicted to be most susceptible to these changes? 

(Chapter 6) 

xiii) How can environmental flows be adapted to accommodate habitat 

requirements at the community scale? (Chapter 6) 

In Chapter 7, I first provide explicit answers to the research questions presented above 

and put my findings into context with MAES and the overarching research objectives to 

demonstrate how the understanding of flow- ecology relationships and management in 

regulated rivers was improved in this dissertation. Next, I present my conclusions and 

apply my findings to synthesize future research needs that should be addressed in the 

field of ecohydraulics and the next phase of MAES. 
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2.1 Abstract 

Modelling the linkage between physical habitat and aquatic organisms on multiple 

spatial scales has become an important tool in the management of rivers. The meso-scale 

(100-102 m) represents an intermediate resolution in modelling that bridges the gap 

between available resources and conservation efforts for riverine species. However, 

existing mesohabitat classification schemes for lotic systems vary significantly in the 

definition of habitat types as well as in their application in the field. This article aims to 

provide an overview of current attempts to model the mesoscale pattern of physical 
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habitats with a focus on fish. First, we outline descriptive, qualitative as well as 

objective, quantitative classification methods that are available in the literature. Next, 

the ecological relevance of the mesohabitat concept is being discussed, using single-

species and community level approaches as examples. Different modelling approaches 

that describe and quantify riverine mesohabitats are presented and finally, limitations 

and uncertainties in the modelling process are discussed, followed by an outline of 

future perspectives in mesohabitat modelling.  

2.2 Introduction 

The world’s rivers are subject to multiple anthropogenic stressors such as fragmentation, 

water abstraction, and hydropower generation (Anderson et al., 2015; Poff et al., 2007; 

Tockner et al., 2012). Resulting hydrological and morphological alterations of lotic 

systems led to the emergence of instream flow studies to assess habitats for biota (e.g., 

Bovee 1982; Tharme 2003; Acreman & Dunbar 2004). These studies assume that the 

hydraulic structure of a river acts as a template for river biota, i.e., biological responses 

can be linked to hydraulic disturbances (Maddock, 1999; Rosenfeld et al., 2007; 

Townsend & Hildrew, 1994). This increased awareness of the importance of hydro-

morphological features for river health has led to the development of hierarchical 

frameworks that outline the application of several tools that are capable of quantifying 

physical habitat at different spatial scales (Figure 2.1) (e.g., Brierley et al. 2013; Gurnell 

et al. 2016). 

At the scale of individual fish, habitat modelling is built from hydraulic characteristics 

related to an individual’s apparent preference measured in the field. In its basic form, the 
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biotic response to critical physical habitat variables (e.g., depth, velocity, substrate, 

cover) is expressed using univariate preference functions, that can be combined to form 

a composite habitat suitability index, ranging from 0 to 1, representing unsuitable and 

optimal habitat, respectively (Bovee et al., 1998). The preference curve method has been 

widely used and represents the fundamental building block of physical habitat modelling 

platforms such as the PHABSIM that traditionally operate on the micro-scale (Conallin 

et al., 2010; Dunbar et al., 2012; Nestler et al., 2019). Despite its popularity and frequent 

use, the utility and credibility of the PHABSIM approach has been heavily debated, one 

of the biggest criticisms being that spatial scales are being mishandled (e.g., Railsback 

2016). 

River science has matured to recognize that ecosystems function across many scales 

(e.g., Johnson & Host 2010) representing a multi-dimensional heterogeneity of habitat 

patches (e.g., Thorp et al. 2006). As a consequence, broader scale, riverscape approaches 

and methodologies are being developed (e.g., Fausch et al. 2002; Carbonneau et al. 

2012). Many studies recognize that habitats are formed at the much larger, riverscape 

and catchment scales (e.g., Hynes 1975; Fausch et al. 2002). At this scale, it is assumed 

that environmental factors act as filtering mechanisms (e.g., Southwood 1977) that shape 

the community structure of biota and result in a regional species pool (Poff & Ward, 

1990; Wiens, 2002). 

Between the micro-habitat and catchment scales, and most aligned with current 

riverscape philosophies of scale, the mesoscale models are emerging to bridge the gap 

by using continuous areas of similar microhabitat conditions (typically water depth, flow 

velocity, surface turbulence, or their combination) applied along definable hydro-
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morphological units, e.g., riffle, runs, or pools with many other possible classes (Dunbar 

et al., 2012; Parasiewicz, 2007). For larger and/or mobile fish, the mesoscale appears to 

be a more logical unit of habitat. The “mesohabitat” approach is based on a patchy 

mosaic of hydro-morphological units (100-102 m) mapped remotely or in field surveys 

and associated with ecologically relevant habitat parameters such as the location of 

cover, refugia, and dominant substrate type (e.g., Parasiewicz 2008; Vezza et al. 2014). 

The value of a mesohabitat system, based on distinct hydraulic units in lotic systems, has 

been recognized but most studies to date have developed their own typology (i.e., 

classification of habitat units of significance) often owing to differences in river 

characteristics or selected target species. This has led to a proliferation in habitat classes 

which vary among regions and river types creating a challenge to objectively 

differentiate amongst them (Wheaton et al., 2015). 

Mesoscale studies for riverine fish habitat have focused mainly on small- to medium-

sized streams. Consequently, the development of a consistent mesohabitat classification 

system and modelling tools for large rivers is still at an early stage (Habersack et al., 

2014). Classifications are frequently only descriptive rather than based on clear/distinct 

threshold values (Borsányi et al., 2004). 

As mesohabitat modelling will likely be increasing in the advent of consumer-based 

remote sensing options becoming more affordable, and the general utility of mesohabitat 

approaches in fisheries management, there is a need to synthesize current state-of-art of 

mesohabitat modelling. In this article, we present the methodologies currently used in 1) 

mesohabitat classification and 2) their mapping, followed by 3) their implementation in 

modelling platforms and 4) a discussion of their ecological relevance. Finally, 5) 
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limitations and uncertainties associated with the modelling process are outlined and 

complemented with 6) future perspectives in mesohabitat modelling. 

2.3 Mesohabitat classification 

The classification of physical and biotic processes has been a central research interest in 

river science. However, different approaches have been developed to evaluate river 

channel morphology, instream flow or habitat. Newson and Newson (2000) 

differentiated between bottom-up and top-down approaches to discern how different 

disciplines approach the question of partitioning river segments into meaningful parcels. 

The latter has been developed based on an ecological perspective and focuses on 

functional (meso-) habitats, i.e. the ecological function of organic and inorganic habitat 

features, (e.g., Pardo & Armitage 1997; Kemp et al. 1999). In contrast, geomorphologic 

approaches have assessed the phenomenon from the bottom-up perspective and organize 

instream habitat into units, such as riffle, pool and run, which are distinguished on the 

grounds of physical habitat parameters such as flow velocity, water depth or surface 

turbulence (e.g., Jowett 1993; Padmore 1998). One of the first comprehensive 

classification systems based on geomorphic attributes identified salmonid habitat in 

small streams (Bisson et al., 1982). This system consists of only three basic habitat 

classes, namely riffles, pools and glides, that can be further divided into subcategories 

(e.g., low gradient riffles or lateral scour pools). Study reaches are surveyed on foot and 

habitat classes as well as relevant habitat features are drawn to scale on a map (Bisson et 

al., 1982). Frissell et al. (1986) and Hawkins et al. (1993) further refined and integrated 

the pool/riffle forms of Bisson et al. (1982) in their hierarchical classification of stream 
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habitats. A hierarchical approach increases flexibility in addressing scaling issues in 

habitat classification, depending on the river in question or the species investigated 

(Gurnell et al., 2016). Due to regional variations in geology, topography and flow 

regimes, most studies used their own terminology in identifying habitat units, ranging 

from typologies designed for mountain channel units (e.g., Montgomery & Buffington 

1997) to habitat classes for large rivers (e.g., Beechie et al. 2005). As a consequence, 

there has been a proliferation in the terminology of existing mesohabitat classes 

(Wheaton et al., 2015). Since a universal habitat classification system would have a 

significant benefit of being able to compare data from different areas, there has been an 

increased effort in developing frameworks that outline a consistent protocol in 

characterizing the hydro-morphological condition of rivers to facilitate a more 

ubiquitous habitat classification (e.g., Wheaton et al. 2015; Belletti et al. 2017). 

2.4 Mesohabitat mapping 

A myriad of techniques is available to delineate stream habitats into spatially distinct 

meso-scale units. Based on their underlying general approach, these methods can be 

generally categorized into three fundamental mapping techniques: i) field-based surveys, 

ii) remote sensing and iii) hydrodynamic modelling approaches. Examples of 

representative study cases for each category are provided in Table 2.1. 

2.4.1 Field-based surveys 

In-situ habitat mapping represents the oldest, simplest but also the most logistically 

involved data collection method for mesohabitat mapping. A typical application requires 

printed paper maps of the study area at a specified scale (e.g., Borsányi et al. 2004) or 
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digital maps on a handheld GPS or Tablet (e.g., Parasiewicz 2007; Wegscheider et al. 

submitted; [Chapter 5]) to delineate mesohabitat classes. Decisions regarding habitat 

classification are either based on qualitative (subjective) estimates of habitat parameters 

(e.g., Hawkins et al. 1993) or direct (objective) measurements (e.g., Padmore 1998). 

Eisner et al. (2005) compared several field-based mesohabitat mapping approaches 

based on criteria such as time required, ease of application or degree of subjectivity in 

habitat classification. They documented that habitat parameters frequently recorded in 

characterizing mesohabitat conditions included flow velocity, water depth, substrate 

grain size, embeddedness, cover type or water surface slope. One of the major issues 

was that more detailed mapping was associated with an increase in time required in the 

field (Eisner et al. 2005). Furthermore, the qualitative classification of habitat types, 

based on descriptive criteria such as “deeper” or “faster”, involved surveyor bias and 

consequently variation in proportional mesohabitat composition between different users 

(Eisner et al. 2005).  

Aiming to increase the repeatability and robustness of field-mapping approaches, several 

studies have developed objective criteria to delineate different mesohabitat types. Jowett 

(1993) and Vadas & Orth (1998) used physical habitat measurements to develop 

objective methods that allow to differentiate between pool, run and riffle habitat. Their 

results indicated that Froude number and depth/velocity ratio appear useful discriminant 

metrics for classification. Nakano & Inoue (1999) used hierarchical cluster analysis to 

identify subunits (habitat patches) within stream reaches, based on velocity, water depth 

and substrate conditions in small streams in Japan to identify relevant juvenile masu 

salmon (Oncorhynchus masou, Salmonidae) habitat. They concluded that fish habitat 
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use within a subunit was influenced by adjacent habitat patches, suggesting importance 

of interconnected habitat mosaic (Nakano & Inoue 1999). The Meso-scale Habitat-

Classification System Norway (MSC; Borsányi et al. 2004) represents another field- 

based mapping approach that uses a decision tree with crisp hydraulic threshold values 

as criteria limits. The development of this approach stemmed from the need of mapping 

meso-scaled habitats in a scale more detailed than the traditional riffle-run-pool methods 

(e.g., Raven et al. 1998), but also faster than established systems such as MesoHABSIM 

(Parasiewicz, 2007; see below).  

Despite the efforts to increase the repeatability of a field-based subjective delineation of 

meso-scale habitats, these approaches still suffer from a variety of deficiencies (Poole & 

Frissell, 1998). Wyrick et al. (2014) summarized these issues as i) limitations to visually 

observe hydraulics and thresholds between habitat types in the field; ii) uncertainty in 

habitat classification due to temporal variation in point-measurements; iii) limitations to 

visually distinguish between less dramatic differences in habitat categories and to 

estimate magnitudes of single parameters; and iv) limitations in delineation by 

determining the location of the unit boundaries. 

Several studies advocate the trend to assess aquatic habitat based on geospatially explicit 

maps of hydraulic conditions using either i) remote sensing or/and ii) hydrodynamic 

modelling approaches to eliminate above mentioned in-field subjective decision making.  

2.4.2 Remote Sensing and hydrodynamic modelling 

The pressing need for objective tools that are capable of quantifying physical habitat 

conditions in aquatic environments involved developing methods initially designed for 
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applications in landscape ecology (Torgersen et al., 2006; Wiens, 2002). Due to the 

significant improvement and lowered cost in remote sensing techniques, river ecologists 

and fluvial geomorphologists now have the possibility to select between various tools, 

which enable quantifying in-channel and floodplain habitat; to this end, remote sensing 

and hydrodynamic modelling are two options that largely complement one another. 

Consequently, several studies conclude that future development of habitat models will 

gravitate towards large-scale approaches of spatially continuous, spatially explicit, 

quantitative measurements (Carbonneau et al., 2012; Wyrick et al., 2014). Carbonneau 

et al. (2012) and Bizzi et al. (2016) reviewed recent technical and methodological 

developments in remote sensing tools and demonstrated their application in riverine 

studies. Preferred tools in aquatic studies are airborne LiDAR, mapping terrestrial areas 

of the river corridor (e.g., Demarchi et al. 2016), and acoustic sounding (single or multi-

beam sonar; e.g., Smit & Kaeser 2016) or airborne LiDAR bathymetry (ALB; e.g., 

Mandlburger et al. 2015), mapping the inundated river bed. Habitat parameters that can 

be mapped remotely include substrate grain size (e.g., Carbonneau et al. 2005), water 

temperature (e.g., Dugdale et al., 2013; Wilbur et al., 2020), location of woody debris 

(e.g., Ortega-Terol et al. 2014), flow velocity (e.g., Hugue et al. 2016) or river 

bathymetry (e.g., Legleiter et al. 2009; Tamminga et al. 2015), which all are essential 

components of mesohabitat models.  

Aerial- or satellite- based multispectral imagery has been used successfully to delineate 

habitat units within lotic systems (e.g., Legleiter, 2003; O'Sullivan et al. 2020). For 

example, Hugue et al. (2016) captured images of a 17 km river segment, calibrated with 

ground-based surveys, and used them to construct depth maps. A pseudo-2D hydraulic 
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approach was used to map velocities, based on known river discharge and estimated 

cross-section depths at the time of image capture. Subsequently, patterns in flow 

velocity and water depth over wetted areas could be used to analyze the availability and 

heterogeneity of hydraulic habitat over multiple spatial scales. Similarly, O’Sullivan et 

al. (2020) used airborne, high-resolution multispectral imagery to map river bathymetry 

across 124 km. They then utilized the relationship between river geometry and discharge 

to model hydraulic parameters of the studied river and developed an unsupervised iso-

cluster classification schema that identified and delineated hydraulically relevant habitat 

units for Atlantic salmon (Salmo salar) and brook trout (Salvelinus fontinalis) at the 

riverscape-scale. Thermal infrared imaging cameras have been used to map thermal 

refugia of salmonids (e.g., Dugdale et al., 2013, 2015; Wilbur et al., 2020). Structure-

from-motion photogrammetry (SfM) in combination with small unmanned aerial 

vehicles (sUAV) have become popular remote sensing tools in the data acquisition for 

digital elevation models and characterization of aquatic habitat (Tamminga et al., 2015; 

Woodget et al., 2016). Westoby et al. (2012) outlined the theoretic background of the 

SfM-approach as well as a practical workflow for geomorphological studies.  

Hydrodynamic modelling has become one of the preferred methods in assessing aquatic 

habitat conditions (e.g., Tonina & Jorde 2013; Gibson & Pasternack 2015), and is used 

in combination with several remote sensing tools. For example, Hauer et al. (2009) 

combined LiDAR and terrestrial survey data to create a Digital Elevation Model of their 

study river and developed a two-dimensional hydrodynamic model to simulate a range 

of discharges. Hydraulic thresholds for depth-averaged velocity, water depth and shear 

stress were implemented in an algorithm to map the spatial distribution of six 
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mesohabitat classes. Since the classification was based on hydraulic thresholds, the 

resulting areal extension and distribution of mesohabitats was flow dependent. In 

contrast to this flow-dependent mesohabitat approach, Wyrick et al. (2014) developed a 

system to delineate meso-scale morphologic units which are based on channel landforms 

and thus do not change their spatial pattern with changing discharge. The morphologic 

units are identified by their overlying hydraulics, which requires to define boundaries for 

depth-averaged velocity and water depth at the relevant discharge of the 2D-

hydrodynamic model run. The selection of discharge (e.g., base flow) that is used to 

identify morphologic units as well as the number of morphologic unit classes represent 

critical steps that still need to be defined by the user.  

Unsupervised clustering analysis represents a tool to circumvent subjective decision 

making regarding the number of habitat classes being mapped, or the selection of 

hydraulic threshold values to delineate spatial units (Legleiter & Goodchild, 2005). This 

numerical classification method quantitatively assigns every model element to a 

mesohabitat type (i.e. cluster), based on a clustering algorithm including a combination 

of habitat parameters. This approach has been used in remote sensing via hyperspectral 

classification of stream habitat (i.e. k-means clustering; Legleiter 2003), as well as in 

ecohydraulic studies to classify hydraulic patches and transitional zones (i.e. fuzzy c-

means clustering; Legleiter & Goodchild 2005; Wallis et al. 2012), and to assess 

salmonid habitat in riverscape-scale (iso-cluster classification; O’Sullivan et al. 2020). 

In contrast to Boolean logic that uses a binary (1/0) group membership (i.e., k-means 

clustering), clustering techniques based on fuzzy logic use an algorithm that assigns a 

partial group membership (1-0) to delineate habitat units (Bezdek, 1984). Despite being 
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more objective than traditional methods and transferable between different systems, the 

interpretation of clusters can be more difficult, since they are created without a-priori 

knowledge, and results are sensitive to varying flow conditions as well as number of 

selected clusters (Farò et al., 2018). 

Since the above-mentioned multi-source remote sensing and numerical simulation tools 

have become more accessible, successful monitoring requires establishing a framework 

on how to combine techniques that allow delineating and analyzing elements from the 

riverscape down to meso- and/or microhabitats. For example, Wheaton et al. (2015) 

developed a tiered framework for classifying fluvial landforms based on topographic 

data. In this framework, geomorphic units are delineated in a guided process into 

floodplain and in-channel classes. The final classification is based on the topographic 

curvature of features (i.e., planar, convex or concave), unit shape as well as identified 

morphologic attributes (e.g., unit position, sediment and vegetation characteristics) that 

filter through a list of potential geomorphic units (Wheaton et al. 2015). In Europe, the 

REFORM project was initiated to develop the River Hierarchical Framework (i.e., RHF; 

Gurnell et al. 2016) that outlined the geomorphic units survey and classification system 

(i.e. GUS; Belletti et al. 2017) and was used to assess hydromorphic characteristics of 

European rivers across several scales. Geomorphic units are delineated and analyzed on 

three spatial scales and three levels of detail, combining remote sensing techniques with 

field-based surveys (Belletti et al., 2017). Based on the resulting maps, two GUS-indices 

(GUSI) can be derived to monitor changes in spatial heterogeneity of river reaches over 

time (Rinaldi et al., 2017). 
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2.5 Mesohabitat modelling platforms 

Mesohabitat models are utilizing the classification and mapping tools described above to 

delineate hydro-morphological units and quantify the spatial variability of hydraulic 

parameters as a function of flow, and link these attributes to the presence or abundance 

of fish or other aquatic animals (Dunbar et al., 2012; Linnansaari et al., 2013). While 

various previous studies have utilized a mesohabitat approach as the basis of their 

ecological assessment on an individual study basis or by using study-specific 

mesohabitat classification schemes, mesohabitat-modelling platforms have also been 

developed. Three platforms have been specifically designed to model habitats at the 

mesohabitat scale,  i.e., the MesoHABSIM (Parasiewicz, 2007; Parasiewicz, 2001), the 

MesoCASiMiR (Noack et al. 2013; Wegscheider et al. submitted; [Chapter 5]) and the 

mesohabitat evaluation model (MEM; Hauer et al. 2009).  

The MesoHABSIM platform represents the most established mesohabitat model and has 

been applied in a variety of ecohydraulic studies (e.g., Parasiewicz 2008; Vezza et al. 

2012). Mesohabitats are delineated in the field and mapped as georeferenced polygons at 

several discharges. Fish are either captured in predetermined grids using electrofishing 

or observed using standard snorkeling techniques, depending on river-specific 

conditions. At each grid location, habitat parameters (velocity, water depth, substrate 

and cover) are recorded. Multiple logistic regression analysis is then used to calculate 

biologic response functions which are used to identify habitat characteristics that 

influence presence/absence of selected target species. Next, presence/absence as well as 

abundance data are used to distinguish between unsuitable, suitable and suitable-optimal 

habitat. Interpolation to compute habitat values at commonly occurring flows is used to 
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construct flow/habitat rating curves for target species. This information can be used to 

analyze the suitability of river sections for each species of interest as a function of flow. 

The ‘generic fish’ approach, which is used to analyze habitat quantity for the fish 

community, is described in detail in Parasiewicz (2007). Vezza et al. (2014) adapted the 

MesoHABSIM approach to high gradient streams, using the habitat classification 

according to Montgomery & Buffington (1997). Other applications of MesoHABSIM 

have involved restoration measures (Parasiewicz, 2008) and ecological flow studies 

(Koutrakis et al., 2018; Vezza et al., 2012). Recently, MesoHABSIM has been combined 

with a hydrodynamic model to improve the management of endangered freshwater 

mussels (Parasiewicz et al., 2017; Parasiewicz et al., 2012). 

MesoCASiMiR is a mesoscale version of the habitat modelling software CASiMiR 

(Computer Aided Simulation Model for Instream Flow and Riparia) and is available as 

an extension for ArcGIS. Delineation of habitat types is field-based and described in 

Eisner et al. (2005). Fundamental to this modelling system is the fuzzy logic rule -based 

approach which uses expert knowledge to define habitat requirements for river biota 

(Ahmadi-Nedushan et al., 2006; Jorde et al., 2001; Noack et al., 2013). Use of fuzzy rule 

-based system resolves some issues that have been criticized in ecohydraulic modelling 

(Railsback, 2016). Major benefits are the possibility for numerical processing of 

qualitative knowledge of experts about fish habitat as well as the capability to consider 

multivariate effects of habitat variables without the assumption of independence of the 

input parameters (Ahmadi-Nedushan et al., 2006; Noack et al., 2013). However, the use 

of expert-derived fuzzy logic rules introduces the problem that definition of habitat 

requirements is based on subjective knowledge. Potential solution to address this 
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problem has been presented by Ahmadi-Nedushan et al. (2008) and Mocq et al. (2013), 

who used a multiple expert survey (6 and 30 experts respectively) to develop fuzzy sets 

and rules for Atlantic salmon. Resulting weighted useable area curves from each expert 

were used to compute confidence intervals around the median curve that allowed 

assessing the uncertainty of the modelling approach. Recently, Wegscheider et al. 

(submitted; [Chapter 5]) expanded the multi-expert approach to model habitat use of 

temperate fish assemblages while also incorporating the uncertainty resulting from the 

hydrodynamic modelling component. 

The mesohabitat evaluation model (MEM) differentiates mesohabitats based on 

hydraulic thresholds, derived from a 2D hydrodynamic model (Hauer et al., 2009). So 

far, MEM applications have been based on infrared LiDAR in combination with cross-

sectional terrestrial surveys (e.g., Hauer et al., 2011), as well as Airborne LiDAR 

Bathymetry (e.g., Mandlburger et al., 2015). In the MEM platform, six different 

mesohabitat types are classified in a three-step process. First, the functional link between 

velocity, depth and shear stress is used to distinguish between pool, run, fast run and 

riffle habitats. In the next step, low energy habitats are divided into a backwater and 

shallow water class based on additional depth criteria. Finally, bottom shear stress and 

critical shear stress are integrated in a stability analysis for mesohabitat evaluation. Since 

the system is based on 2D hydrodynamic modelling, spatial patterns of fish habitat at the 

meso-scale can be compared with habitat suitability for indicator species or guilds on the 

micro-scale using preference functions of hydraulic parameters (Mandlburger et al., 

2015). 



 

45 

 

2.6 Ecological relevance of the mesohabitat concept 

2.6.1 Single species approaches 

Mesoscale models are suitable to highlight habitat types (e.g., riffles or pools) that are 

sensitive to changes in discharge and morphodynamics (Habersack et al., 2014). Several 

studies have tried to link the availability of mesohabitat types with the presence or 

abundance of target fish species (e.g., Beechie et al. 2005). Naturally, such studies may 

employ a number of different techniques wherein the relative abundance of the target 

species in each of the different mesohabitat types is assessed either directly (e.g., 

snorkeling, electrofishing) or indirectly (e.g., various telemetry methods). For example, 

studies evaluating general mesohabitat preferences for brown trout (Salmo trutta) and 

bullhead (Cottus gobio) were conducted in small streams in England using snorkeling 

surveys (Gosselin et al., 2010, 2012), while mesohabitat use of Atlantic salmon has been 

assessed in summer conditions using radiotelemetry (adult life stage; Carrow 2020), and 

in winter by use of Passive Integrated Transponders (juvenile life stage; Linnansaari et 

al., 2009) . Perhaps the most classical and widespread application of single-species 

assessment between mesohabitat type and relative abundance is the various systematic 

and replicated electrofishing campaigns that establish an average abundance metric by 

mesohabitat class; the data can then be used to infer population status over time (e.g., 

Mitchell et al. 2004). Also, varying mesohabitat requirements of different life stages of a 

single species have been of central interest in the literature. For example, Moir & 

Pasternack (2008) characterized stream hydraulics for 10 different mesohabitats in the 

Yuba River, California and related the results to spawning activity of Chinook salmon 
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(Oncorhynchus tshawytscha). They found that salmon selectively preferred a small 

number of habitat units (i.e., riffle, riffle-entrance and lateral bars) for spawning.  

2.6.2 Community-level approaches: Fish guild concept 

Traditional approaches to micro- or mesohabitat habitat modelling focused on single 

species as target organisms, thereby neglecting interspecific biological interactions 

(Railsback, 2016). Consequently, resulting management plans might not consider habitat 

requirements of other species on which the desired “target” species may be intimately 

connected. Particularly in large rivers, which usually host a diverse fish fauna, 

community-level approaches are becoming increasingly important since they consider 

habitat preferences of multiple species simultaneously, thereby providing information on 

what variables shape the fish assemblage structure (e.g., Welcomme et al. 2006). Thus, 

the concept of formulating fish guilds (or assemblages) that are either based on habitat 

use (Pegg et al., 2014; Vadas & Orth, 2000) or life history strategy (e.g., Schwartz & 

Herricks 2008), represents a valuable tool for evaluating the health of rivers. Although 

the number of mesohabitat types that contain characteristic fish assemblages varies 

between studies, there are arguments that predictions of fish density or occurrence based 

on discrete habitat classes are ecologically more meaningful than models based on 

continuous variables (Habersack et al., 2014). Wilkes et al. (2016) studied meso-scale 

shoreline habitats along the San Pedro River, Chile and found that community-level 

approaches can be especially useful in large rivers, since biotic interactions are usually 

more pronounced in these environments. Schwartz & Herricks (2008) investigated if fish 

feeding guilds showed characteristic patterns in mesohabitat selection in a low-gradient 
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Illinois stream, USA. They found that fish assemblages and feeding strategies differed 

between longitudinal pool sub-units (i.e. pool-front, pool-mid and pool-rear).  

2.6.3 Spatial relations among habitat patches 

A comprehensive analysis of species-habitat relationships does not only involve 

identifying important mesohabitat types that support local fish assemblages but must 

also investigate how these geomorphic units are related to each other across time and 

space. Suitable habitats might be present at the specific studied location but there is also 

a need to evaluate if the species of interest is able to migrate to all applicable habitat 

patches from other locations in the individual’s range. The concept of habitat and 

hydrologic connectivity has been discussed and evaluated in detail in previous reviews 

(see Ward et al. 2002; Fullerton et al. 2010, and references therein). Particularly large 

rivers are often heavily regulated, which hampers longitudinal connectivity via the 

construction of migration barriers (e.g., dams), as well as lateral connectivity (i.e., 

between main channel and backwater habitats) through a change in the natural flow 

regime. Cote et al. (2009) developed the dendritic river index that evaluates longitudinal 

connectivity on a stream network scale. In combination with tools such as the Fish 

Passage Extension (FIPEX version 2.2.1) for ArcGIS, this method has shown to be 

useful in analyzing the influence of barriers to fish migration, using meso-scale reaches 

as habitat units (Buddendorf et al., 2017). Furthermore, spatial distance metrics were 

developed to evaluate the importance of hydrological connectivity between patches of 

functional mesohabitat (e.g., foraging or resting habitat) of single fish species or life 

stages (Le Pichon et al., 2009, 2016; Roy & Le Pichon, 2017). 
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2.7 Limitations and uncertainty in mesohabitat modelling 

Despite the established status of habitat modelling in river management, users should be 

aware of limitations, uncertainties and reality-checks associated with mesohabitat and 

any instream habitat modelling approaches (Beecher, 2017; Railsback, 2016, 2017; 

Stalnaker et al., 2017). Limitations in habitat classification regarding partially subjective 

decision making in the field has already been discussed in previous sections, and the 

interested reader may be referred to Poole & Frissell (1998) for a detailed analysis. 

Depending on the research question, the species, life-stage or fish assemblage of interest 

and the characteristics of the study area (e.g., river order), modelers should ask 

themselves whether the meso-scale captures all important variables that might help 

testing their hypotheses. Mesohabitats do not always represent perfectly homogeneous 

areas in terms of hydromorphic attributes (Vadas & Orth, 2000). Thus, the mesohabitat 

method may be too coarse in resolution for specialized fish species that are sensitive to 

habitat changes on the micro-scale. Habersack et al. (2014) addressed this issue and 

combined a mesohabitat approach that identified distinct hydro-morphological units with 

a micro-scale analysis of functional habitat for fish larvae. They also evaluated to what 

degree the efficiency and uncertainty of micro- and mesohabitat models varied as a 

function of river size (Habersack et al. 2014). They concluded that the meso-scale 

approach would be most efficient in medium sized rivers. In large rivers, however, a 

combination of micro-scale and meso-scale analysis would be beneficial, since 

mesohabitat units within these systems tend to include a higher proportion of functional 

habitat (e.g., nursery grounds, refugia) that may be important for specialized fish species 

(Habersack et al. 2014). Furthermore, the selection of habitat cannot be regarded as a 
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process based on purely physical parameters. Behavioral and other biotic factors, such as 

food availability, resource specialization, competition and predator-prey interactions 

should be considered as well when evaluating results of physical habitat models 

(Railsback, 2016). In short, it is important to realize that the availability of suitable 

habitat does not guarantee species presence, or certain level of abundance as these are 

dependent not only on the physical environment (i.e., habitat) but also the ecological 

parameters concurrently affecting the species’ of interest. However, absence of, or 

reductions in availability of suitable habitat does create the backdrop against which 

species abundance trends can be assessed, keeping other (ecological) variables the same. 

In addition, species-habitat interactions not vary only with flow, but also with season (J. 

Schwartz, 2016). Consequently, habitat simulations based, for instance, on data of 

summer low-flow conditions should only be used to draw conclusions for this specific 

period. The utilization of habitat types at the same flow during a different time of the 

year, might differ significantly due to factors that vary seasonally, such as water 

temperature or life history strategies (Schwartz, 2016).  

An essential step in the modelling process is the validation of the model with a separate, 

independent dataset. For physical habitat models, this circumstance not only requires a 

validation of the distribution of hydro-morphological units, but also a biological 

validation that provides the means to understand the accuracy and associated error of 

classifying habitat types as “poor”, “suitable” or “optimal” (e.g., Guay et al., 2000) . 

However, information regarding the accuracy and uncertainty (e.g., confidence intervals) 

of modelling approaches are frequently not reported, which has been criticized in the 

literature (e.g., Linnansaari et al. 2013). 
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2.8 Future perspectives in mesohabitat modelling 

Considerable progress in remote sensing and computing capacity allows quick surveying 

of large areas of the riverscape and thus, developing holistic, large scale studies in river 

management (Bizzi et al., 2016; Carbonneau et al., 2012). However, the issue of 

upscaling still remains a challenge and mesohabitat modelling is likely going to play an 

important role in bridging the gap between the local-, and catchment-scale management 

of rivers (Linnansaari et al. 2010; Harby et al., 2017). The development of objective 

classification systems to delineate mesohabitat units represents another current research 

topic and supervised (e.g., Wyrick et al. 2014) as well as unsupervised (i.e., clustering; 

Wallis et al. 2012; Farò et al. 2018) techniques represent promising approaches to 

circumvent subjective decision-making in the field. The formulation of fish guilds based 

on life history strategy has been shown to explain processes that regulate fish 

distribution and abundance (Lima et al., 2017; Schwartz & Herricks, 2008). Schwartz 

(2016) proposed an ecohydraulic mesohabitat approach in designing stream restoration 

projects that is based on preferences of fish species, linked to specific life history 

strategies. This concept also considers variation in habitat preference attributed to season 

and flow. 

Meso-scale physical habitat models can provide flow-related proxies of environmental 

processes, such as the area of invertebrate-producing riffles, which represent a food 

source, or the canopy coverage at shoreline habitat that supports predator avoidance 

(Railsback, 2016). Alternative modelling approaches in instream flow studies that focus 

on these processes include individual- based or agent-based models (IBM) (e.g., 
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Railsback et al. 2013; Railsback et al. 2014). These models operate on the individual-

level (i.e., agents) and assume that target species select their habitat to maximize their 

fitness, which results in a certain behavior as a response to changes in their environment 

(Conallin et al., 2010). Combining physical habitat models on the meso- and riverscape 

scale, with methods that emphasize the importance of behavioral and population ecology 

of fish (White et al., 2014), might result in an ecologically more meaningful decision-

making process in instream flow studies.  

The mesohabitat concept has also been applied to other animal groups living in riverine 

environments, such as benthic macroinvertebrates (Armitage & Cannan, 2000; Pardo & 

Armitage, 1997), freshwater mussels (Parasiewicz et al., 2012; Smit & Kaeser, 2016) 

and amphibians (Diaz et al., 2015). While detailed analysis of literature other than fish 

was beyond the scope of this article, it is recognized that holistic multi-taxon 

assessments are becoming more common, especially in the environmental flow context 

where the focus is on the overall health of whole river ecosystem (e.g., ELOHA 

framework; see Poff et al., (2010) for concept and Monk et al., (2018) for application). 

A mesohabitat approach that connects various aquatic taxons, whether macrophytes, 

invertebrates or vertebrates, would be very useful in such applications. Overall, meso-

scale habitat assessment is well rooted in the modern freshwater science and offers a 

cost-effective basis for fish habitat modelling. 
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Table 2.1 Summary of current techniques to delineate meso-scale habitat units in lotic environments. 

Mapping technique Article Mesohabitat 

classification criteria 

Number of habitat 

classes 

Field-based survey Bisson et al. (1982) descriptive 10 

 Frissell et al. (1986) descriptive 10 

 Borsányi et al. (2004) hydraulic thresholds 10 

Remote sensing Legleiter (2003) k-means clustering 7 

 Hugue et al. (2016) k-means clustering 3 

Hydrodynamic modelling Hauer et al. (2009) hydraulic thresholds 6 

 Wallis et al. (2012) fuzzy c- means clustering 5 

 Wyrick & Pasternack (2014) hydraulic thresholds 8 
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Figure 2.1 Hierarchical classification of river habitat from the riverscape down to the 

micro-scale 
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3.1 Abstract 

Fish assemblages in large rivers are governed by spatio-temporal changes in habitat 

conditions, which must be accounted for when designing effective monitoring programs. 

Using boat electrofishing surveys, this study contrasts species richness, catch per unit 

effort (CPUE), total biomass, and spatial distribution of fish species in the Saint John 

River, New Brunswick, Canada, sampled during different diel periods (day and night) 

and macrohabitats (hydropower regulated river and its reservoir) in the vicinity of the 

Mactaquac (hydropower) Generating Station. Overall, N=21 species were collected, 

including three species of conservation concern (American Eel, Anguilla rostrata 

Lacépède, 1802, Striped Bass, Morone saxatilis Walbaum, 1792, and Shortnose 

Sturgeon, Acipenser brevirostrum Lesueur,1818). Taxa richness, total CPUE, and total 

biomass were significantly higher during night surveys, resulting in marked differences 

in community composition between the two diel periods. The required sampling effort 

(i.e. number of sites) to increase accuracy and precision of CPUE estimates varied 

widely between fish species, diel periods, and macrohabitats and ranged from N=15 to 

N=185 sampling sites. Determining a correction factor to contrast accuracy and 

precision of day- with nighttime surveys provide useful insights to improve the design of 

long-term monitoring programs for fish communities in large rivers. Use of additional 

gear types to supplement boat electrofishing is recommended to increase detection 

probability of rare or elusive species, and to cover habitats where boat electrofishing is 

not feasible. 
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3.2 Introduction 

With the increased need for standardized tools to evaluate the health and status of 

aquatic ecosystems, the response of fish assemblages to environmental factors at various 

spatial and temporal scales has received greater attention in river science (Fausch et al., 

2002; Wolter et al., 2016). Population and community monitoring programs must have 

sufficient accuracy and precision to describe relevant physico-biological relationships, 

but must also be logistically feasible, manageable, and cost-effective (Dumont & 

Schlechte, 2004; Flotemersch & Blocksom, 2005). However, there are various factors 

that can potentially bias predictions regarding the status of fish populations. For 

example, different gear types show selectivity for different species and size classes 

(Loisl et al., 2014; Zajicek & Wolter, 2017) and time of sampling (diel period) 

represents a major source of uncertainty due to behavioural or life history strategies of 

fish species (Schlosser, 1990; Radinger & Wolter, 2014).  

Boat electrofishing is known to be one of the most reliable methods to investigate 

spatio-temporal trends in abundance, diversity, and community structure of littoral fish 

assemblages in relation to environmental factors (Flotemersch & Blocksom, 2005; 

Boisclair et al., 2016). In order to investigate temporal patterns in fish inventories, 

researchers will need to account for fish community-related changes between diel 

periods, seasons, and years. Community metrics can vary inter-annually, due to various 

factors such as spawning and recruitment success, overwintering, and springtime 

conditions (Cunjak, 1996; Pope & Willis, 1996). Thus, the use of surveys spanning 

multiple years is recommended when evaluating changes in fish populations (Ward et 

al., 2017). Day-night (or better, daylight vs. hours of darkness) variations in diversity 
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metrics and catch per unit effort (CPUE) have been documented in the literature (Říha et 

al., 2015; Midwood et al., 2016). Diel patterns in fish distribution are frequently 

attributed to vertical or offshore to inshore movements of various species and life stages 

(Wolter & Freyhof, 2004; Gliwicz et al., 2006). Consequently, measures of abundance 

or habitat relationships may be significantly different between day and night sampling. 

Boisclair et al. (2016) evaluated methods to estimate and predict fish community metrics 

in the pelagic and littoral zone of hydropower reservoirs using meso-scale modelling of 

fish-habitat relationships. Abundance, biomass, and species richness were related to 

abiotic habitat predictors and temporal trends evaluated over two years and two diel 

periods (i.e. day and night). However, boat electrofishing was not consistently conducted 

during day and night in both years (i.e. first year daytime only and the second year 

nighttime only), which limited the conclusions on the effect of diel changes in fish 

community metrics due to potential effects of inter-annual variation (Boisclair et al., 

2016). 

Our objectives of the study were to investigate and quantify the effect of day versus 

night sampling on taxa richness, total catch per unit effort, total biomass, and species 

composition of fishes. We focused on a single year data set collected within the summer 

field season in 2017 to reduce the effect of inter-annual variability on fish community 

metrics. Due to the nocturnal behaviour and higher activity of several species, we 

predicted higher taxa richness, total catch and consequently, a different species 

composition when sampling during nighttime as compared to daytime surveys. 
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3.3 Methods 

Study area: 

The project is a component of the larger Mactaquac Aquatic Ecosystem Study which is 

assessing the impacts of the Mactaquac hydropower Generating Station (MGS) on the 

surrounding riverine ecosystem, the Saint John River, New Brunswick, Canada. Overall, 

the SJR has a relatively high diversity of fishes for a northern temperate river with 55 

fish species documented (Linnansaari et al., 2017). Littoral habitats (defined as aquatic 

habitats in the photic zone < 3m in depth) both up-and downstream of the MGS were 

sampled in this study representing lentic, reservoir-like and lotic habitat conditions. The 

MGS impounds an approximately 80 km long Mactaquac reservoir, of which the first 38 

km immediately upstream of MGS is characteristically lentic, with low flow conditions 

(< 6 cm s-1) and a maximum depth of 42 m (MAES 2019). The majority (>80 %) of the 

Mactaquac reservoir is pelagic, > 10 m deep habitat (Bremner et al. 2016) and the littoral 

habitat of the Mactaquac reservoir is typically limited to the first 10 linear meters from 

the shore and has abundant macrophyte coverage (Gautreau et al. 2018). On the 

downstream side of the MGS, littoral habitat dominates (> 80 %) and can reach bank to 

bank (typical river width at the studies area > 800 m; MAES 2019). The downstream 

littoral habitat has varying dominate substrate types (coarse unembedded cobble to 

mud/sand), island conditions, and spatially variable macrophyte beds (Wegscheider et al. 

2018; Bruce & Tyrrell 2015; MAES 2019). 

Sampling: 

Littoral zone fish assemblages were sampled with boat electrofishing (SR-18H-Model 

Electrofishing Boat equipped with a 5.0 GPP Electrofisher: 60 Hz, 21% Duty Cycle, 
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Low Range @ 30%, 900-1000w - 6.2-amp average; Smith- Root, Inc.). Electrofishing 

was carried out on six general study reaches of which three reaches were situated 

upstream, and three reaches downstream of the MGS (henceforth referred to as reaches 

Riv 1, Riv 2, Riv 3, Res 1, Res 2 and Res 3, for the river and reservoir, respectively; 

Figure 3.1). Sampling of fish assemblages occurred at four randomly selected sites 

within each of the six study reaches (Figure 3.1). Each site represented a paired day vs 

night sample, separated by a 100-metre buffer distance (Figure 3.1); both samples within 

site were always collected in a 24-h period. The location of the day vs night sampling 

being either up- or downstream within each site was randomized (Figure 3.1). Sites were 

selected to ensure similar habitat conditions between paired day vs night samples (e.g. 

substrate, percent macrophyte cover, riparian overhang). All sampling (i.e. total of 24 

paired day-night samples) occurred in representative summer conditions during the 2017 

field season between June 26 and July 21.  

At each site, electrofishing effort was recorded as the number of seconds with electricity 

being applied to the water (usually 300-500 sec). Collected fish were identified to 

species and life stage (adult or juvenile), enumerated and measured (weight and total 

length); however, weights could not be collected in one paired day-night sample due to 

equipment malfunction. Catch of river herring (Alewife, Alosa pseudoharengus Wilson, 

1811 and Blueback Herring, Alosa aestivalis Mitchill, 1814) were combined and 

hereafter referred to as Gaspereau. Diel periods were set as hours between 17:00 and 

21:00 Atlantic Standard Time (AST) representing the daytime period (i.e. full daylight, 

with estimated > 1000 lux illuminance), and 22:00 to 04:00 the nighttime period (i.e. full 
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nightfall, with estimated < 1 lux illuminance). The hour separating the two study periods 

functioned as a transition phase from day to night before sampling could be resumed. 

Statistical Analysis: 

Linear mixed effects models (LMEM) were used to test for day-night differences on the 

three dependent variables, i.e. taxa richness, total CPUE and total biomass of fish 

assemblages in the SJR. Diel period (D) was set as a fixed effect and habitat (H) was set 

as random effect across all LMEM models within the lme4 package (version 1.1; Bates 

et al., 2015). Statistical significance values were estimated using the Satterthwaite 

approximation to degrees of freedom using the lmertest package (version 3.1; 

Kuznetsova et al., 2017). Abundance and biomass were measured as the total number 

and total weight of fish being captured per 100 seconds of electrofishing. Total CPUE 

and total biomass data were log (x+1) transformed to approximate normality. Paired t-

tests were conducted to investigate diel differences in size structure (i.e. total length) for 

each species in the reservoir and the river. 

Mean CPUE for both diel periods were evaluated for each species to simulate how much 

sampling effort was required to achieve a relative standard error (RSE) of (at worst) 0.2 

(20%). RSE was calculated as the standard error divided by the CPUE estimate, 

multiplied by 100. Mean CPUE estimates with RSE > 25% are considered imprecise, or 

have high sampling error, and resulting species catch may not be representative of the 

true status of the population (Dumont & Schlechte, 2004; Koch et al., 2014). The 

estimated number of samples (for both locations and time periods) required to achieve a 

mean RSE of (at worst) 20% in CPUE was based on bootstrap results of 999 iterations. 
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Using a multivariate approach, we identified species-specific differences in community 

composition (i.e. presence and abundance) among locations and time periods. 

Specifically, multidimensional scaling (i.e. Principal Coordinates Analysis), 

PERMANOVA and similarity percentages (SIMPER) were used to explore differences 

or similarities in fish assemblages using the vegan package (version 2.5; Oksanen et al, 

2019). The SIMPER analysis provided species-specific proportions of contribution to 

determine which species were driving differences among location-times. All analyses 

were completed in R (version 3.6.0; R Core Team, 2019) within the R Studio (Version 

1.0.143 - ©2009-2016 RStudio, Inc.) environment. 

3.4 Results 

A total of 2225 individual fish representing 21 species and 13 families were recorded, 

including three species of conservation concern (American Eel, Anguilla rostrata 

Lacépède, 1802; Striped Bass, Morone saxatilis Walbaum, 1792; and Shortnose 

Sturgeon, Acipenser brevirostrum Lesueur, 1818) (Table 3.1). Species unique to lotic 

surveys included Burbot (Lota lota, Linnaeus, 1758), Lake Chub (Couesius plumbeus 

Agassiz, 1850), introduced Muskellunge (Esox masquinongy Mitchill, 1824), and three 

diadromous species (Sea Lamprey, Petromyzon marinus Linnaeus, 1758, Shortnose 

Sturgeon, and Striped Bass; Table 3.1). The only diadromous species found in the 

reservoir was one individual American Eel captured during nighttime in Res 1 (Table 

3.1). Largemouth Bass (Micropterus salmoides Lacépède, 1802), a recently introduced 

species to the SJR (Linnansaari et al., 2017), represents the only fish that was detected 

only within the reservoir and not downstream of the MGS (Table 3.1). No species was 
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captured only during daytime whereas seven species were only captured during night 

(Burbot, Chain Pickerel, Esox niger Lesueur,1818; Lake Chub, Largemouth Bass, 

Muskellunge, Shortnose Sturgeon, and Striped Bass; Table 3.1). 

Taxa richness, total catch per unit effort, biomass and total length: 

Linear mixed effects models (LMEM) revealed significant differences for all fish 

community metrics when comparing day and night surveys. Specifically, we observed a 

significantly higher taxa richness (LMEM; t = -6.22 ; df = 6.94; p < 0.001), total CPUE 

(t = -6.02; df = 5; p < 0.01) and total biomass (t = -3.43; df = 4.489; p = 0.019) when 

conducting electrofishing surveys during nighttime (Table 3.2). Differences in habitat 

(random effect) explained 6 to 24% of the variance in fish community metrics (Table 

3.2), that has been unaccounted for by diel period. Taxa richness was consistently higher 

at night (median = 8, SD = 1.91) as compared with daytime (median = 5, SD = 2.14) 

(Figure 3.2a). Median CPUE was observed to be minimally 1.7-fold higher at night, but 

in some habitats, nighttime values represent 12.7-fold increase in median CPUE (Figure 

3.2b). Median biomass was observed to be minimally 1.9-fold higher at night, with a 

maximum increase representing 27.6-fold at nighttime (Figure 3.2c). While the biomass 

was observed to be consistently higher in the nighttime surveys this appeared to be 

caused by the higher numbers of individuals that were captured at night as opposed to 

fish size being larger. Generally, no consistent patterns in total length was observed 

between diel periods (for details see Table S1 in Appendix 1).  

Dissimilarity proportions and species composition: 

Dissimilarity proportions for individual species greater than 5 % demonstrate differences 

in average CPUE between relevant location-time comparisons (Table 3.3). Species 
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driving these significant differences between day and night surveys were White Sucker 

(Catostomus commersonii Lacépède, 1802) and White Perch (Morone americana 

Gmelin, 1789) in the reservoir and Yellow Perch (Perca flavescencs Mitchill, 1814), 

Smallmouth Bass (Micropterus dolomieu Lacépède, 1802), American Eel and Gaspereau 

in the river (Table 3.3) . Differences between the reservoir and the river in the 

downstream vicinity of the MGS were mainly driven by Pumpkinseed Sunfish (Lepomis 

gibbosus Linnaeus, 1758), Brown Bullhead (Ameiurus nebulosus Lesueur, 1819), 

American Eel and Fallfish (Semotilus corporalis Mitchill, 1817) during daytime and 

White Sucker and White Perch during nighttime (Table 3.3). 

Differences in community composition were tested using multivariate PERMANOVA 

(F (3,46) =7.78, R2=0.35, p=0.001; Table 3.4) and visualized using PCoA (Figure 3.3). 

Pairwise post-hoc tests indicated that locations of all group centroids of fish 

assemblages, associated to area and diel period as grouping factor, were significantly 

different from each other (all p values < 0.05).  

Sampling effort: 

As expected, the number of samples required to derive a CPUE estimate with less than 

20% RSE threshold was variable across species; results for Yellow Perch are presented 

to illustrate the approach (Figure 3.4). Recommended number of samples ranged from 

15 for American Eel to 175 for Pumpkinseed Sunfish in the river and from 20 for 

Pumpkinseed Sunfish to 185 for Common Shiner in the reservoir. A suitable RSE was 

not achieved even with 200 samples for some species, and thus, estimates for only 14 

out of 21 species are summarized (for details see Table S2 in Appendix 1). Overall, there 
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was no consistent trend of a higher sample size required during daytime as compared to 

night-time sampling.  

3.5 Discussion 

Ecologically sound river management and monitoring programs require effective 

assessment of changes in fish community assemblages, reflecting population dynamics 

and effects of stressors on fish species. While considerable research effort has been 

attributed to the effects of gear type selectivity (e.g. Loisl et al., 2014) and local abiotic 

habitat predictors (Vadas & Orth, 2000; Persinger et al., 2011) on the composition of 

captured fish species, the effect of diel variation in fish community metrics is often 

neglected. This study documented clear diel changes in fish community metrics within 

the reservoir and a 20 km downstream vicinity of a large hydropower facility; the 

Mactaquac Generating Station (MGS). Overall, 21 fish species were found in six general 

study reaches, and night sampling for both the river and reservoir yielded significantly 

higher taxa richness, total CPUE, and total biomass than day sampling, suggesting 

increased nocturnal activity of several species. Furthermore, our surveys indicated 

marked differences in species composition between day and night and smaller 

differences between habitats for both day and night.  

Our surveys extend the scope of the study from Boisclair et al (2016) by reducing the 

effect of inter-annual variability and investigating diel differences in fish community 

metrics during the summer low flow period within the same year. The diel differences in 

species composition, relative abundance and biomass are consistent with findings from 

previous studies, and show that sampling period represents a potential bias in estimating 
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fish- habitat relationships (Crook et al., 2001; Eros et al., 2008). Diel distribution 

patterns of fish have been explained by temperature gradients and availability of thermal 

refugia (Brewitt & Danner, 2014; Kurylyk et al., 2015), hydraulic habitat variables 

(Davey et al., 2011), and a compromise between feeding behaviour (Bradford & 

Higgins, 2001; Wolter & Freyhof, 2004) and predator avoidance (Gliwicz & Jachner, 

1992; Bentley et al., 2014).  

Quantifying flow-ecology relationships between river flow characteristics and fish 

assemblages represents one of the major challenges in environmental flow assessments 

(Gwinn et al., 2016), due to often contrasting habitat needs of individual species 

(Schwartz, 2016; Spurgeon et al., 2019). Davey et al., (2011) investigated diel variation 

of stream fish microhabitat preferences and habitat use and found that observed species 

showed diel shifts in preference for flow velocity, water depth and substratum particle 

size. Specifically, habitat relationships were weaker when fish were observed during 

night, since species occupied a broader range of velocities, depths, and substrate sizes at 

night than during the day. Consequently, considerable care must be taken when 

quantifying habitat availability for species with unknown variation in diel habitat use 

(Brewer & Rabeni, 2008; Davey et al., 2011). Results from this study will serve as a 

baseline to improve flow- habitat models that are being developed for the SJR, for 

example by means of adapting the sampling effort for individual species during daytime 

surveys. 

However, patterns observed in this study area are restricted to the littoral zone, defined 

as less than 3 meters deep, and may be constrained by gear bias (i.e., effective 

electrofishing depth). Particularly pelagic species might show different trends in 
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population metrics when both the littoral and the pelagic zone are sampled. 

Hydroacoustic surveys in combination with methods such as trawling, seining or drift-

netting represent suitable gear types for surveying mid-channel or deep-water habitats 

(Rudstam et al., 2009; Loisl et al., 2014). Furthermore, Nakayama et al. (2018) showed 

how fine-scale underwater telemetry provides a means of studying the response of fish 

behaviour to changing environmental conditions, not only during diel cycles but also 

throughout the whole year. Regardless, the majority of studies has shown that boat 

electrofishing yields a representative sample of riverine fish communities and provides a 

suitable method to investigate fish-habitat relationships (Flotemersch & Blocksom, 

2005; Boisclair et al., 2016; Radinger et al., 2019).  

The surveys suggest that several fish species showed marked differences in abundance 

between day and night, likely influencing site occupancy and capture probability. Some 

species that were detected only during night have been linked to diel migrations in the 

literature. For example, Rudstam et al. (1995) documented increased nocturnal activity 

and feeding for Burbot, and Young & Isely (2007) described diel distribution of Striped 

Bass in response to dam operation. Understanding species-specific diel patterns in 

habitat use are critical to ensure that calculated metrics are representative for the whole 

fish community and not only for a portion of captured species. 

The introduction of Largemouth Bass to the SJR system represents another interesting 

finding in our fish community surveys. Invasive Largemouth Bass are known to 

significantly alter fish communities through predation (Brown et al., 2009). While the 

lack of a functional fish passage system at the MGS prevents diadromous and migrating 

species of accessing valuable habitat upstream of the facility (Linnansaari et al., 2017), 
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the dam also represents a potential barrier for downstream expansion of Largemouth 

Bass in the SJR system. Thus, detailed monitoring of the development of Largemouth 

Bass population in the SJR is critical in the future. 

The results suggest that species CPUE was variable and diel patterns were also not 

consistent among species. The recommended required sample size to achieve a desired 

precision in CPUE estimates was high for several species (especially Cyprinids), 

frequently exceeding 100 samples. Increased sampling effort and sample size are 

generally assumed to improve accuracy and precision of abundance and occupancy 

estimates (Stanfield et al., 2013; Reid, 2016). However, since resources are typically 

limited, this strategy could potentially extend the scope of an efficient sampling plan 

beyond logistical or financial feasibility. These findings suggest that additional gear 

types were needed to increase capture probability of species that were elusive to 

electrofishing. Consequently, species-specific differences in diel CPUE were used as 

one diagnostic tool in combination with gear differences (i.e. seine and fyke netting) and 

inter-annual variability in catch rates to recommend feasible and effective sampling 

effort for future SJR fish community monitoring (Dolson-Edge et al., 2019). 

Furthermore, future monitoring would also need to extend the seasonal summer-only 

sampling to other seasons, to acknowledge the variation in habitat use and life history 

strategy of fish species throughout the year (Pope & Willis, 1996). 

The study clearly reveals that littoral fish assemblage structure and community metrics 

within a regulated reach of the SJR may be influenced by sampling period. 

Consequently, differences between day and night sampling need to be quantified to 

improve long term monitoring and modelling of fish-habitat relationships. The 
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information and findings synthesized in this study will help to improve sampling design 

and programs in other projects managing large regulated rivers. 
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Table 3.1 Total catch of fish species (raw data) during day (D) - and night (N) - time surveys in the three habitats of the reservoir and 

the river downstream the MGS. Catch of river herring (Alewife, and Blueback Herring) were combined and referred to as Gaspereau 

Species (n=21) Res1 Res2 Res3 Riv1 Riv2 Riv3 

D N D N D N D N D N D N 

American Eel Anguilla rostrata 0 1 0 0 0 0 0 26 20 11 35 23 

Banded Killifish Fundulus diaphanus 5 5 0 0 2 1 0 0 0 0 3 7 

Brown Bullhead Ameiurus nebulosus 30 13 8 38 49 30 4 6 0 0 5 5 

Burbot Lota lota 0 0 0 0 0 0 0 1 0 0 0 0 

Chain Pickerel Esox niger 0 1 0 0 0 0 0 0 0 0 0 2 

Common Shiner Notropis cornutus 2 15 0 0 0 30 0 4 0 5 27 23 

Fallfish Semotilus corporalis 37 46 1 2 20 18 0 2 0 19 1 2 

Gaspereau Alosa sp. 0 2 0 12 0 5 7 11 0 14 9 26 

Golden Shiner Notemigonus cryosoleucas 13 8 0 7 1 8 0 3 1 0 1 1 

Lake Chub Couesius plumbeus 0 0 0 0 0 0 0 3 0 1 0 0 

Largemouth Bass Micropterus salmoides 0 2 0 0 0 0 0 0 0 0 0 0 

Muskellunge Esox masquinongy 0 0 0 0 0 0 0 0 0 1 0 0 

Pumpkinseed Sunfish Lepomis gibbosus 17 32 13 15 38 35 1 1 0 0 5 1 

Sea Lamprey Petromyzon marinus 0 0 0 0 0 0 0 0 0 0 1 1 

Shortnose Sturgeon Acipenser brevirostrum 0 0 0 0 0 0 0 2 0 0 0 0 

Smallmouth Bass Micropterus dolomieui 6 7 10 11 1 13 3 32 2 27 3 9 

Striped Bass Morone saxatilis 0 0 0 0 0 0 0 2 0 0 0 0 

White Perch Morone americana 13 119 0 57 0 44 2 9 0 6 0 1 

White Sucker Catostomus commersoni 5 97 3 90 17 103 1 5 8 9 4 11 

Yellow Perch Perca flavescens 31 186 5 53 16 77 0 67 23 52 14 88 
 Σ 159 534 40 285 144 364 18 174 54 145 108 200 
 ΣΣ 2225 
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Table 3.2 Influence of diel sampling period on fish community metrics in the Saint John River. Diel period was set as the fixed effect, 

and the coefficient with the associated standard error (in brackets) is shown. Habitat type was set as random effect. 

 Taxa richness   Total CPUE 

log ((catch/100 sec) 

+1) 

  Total Biomass 

log ((g/100 sec) 

+1) 

 

Model parameter Estimate ± SE t (DF)  Estimate ± SE t 

(DF) 

 Estimate ± SE t (DF) 

Intercept 6.396 ***± 0.363 17.67 

(5.953) 

 0.88***± 0.09 9.682 

(5) 

 6.186***± 0.317 19.53 

(4.95) 

Diel Period  

(day vs night) 

-2.104 ***± 

0.338 

-6.22 

(6.94) 

 -0.241**± 0.04 -6.02 

(5) 

 -0.876*± 0.255 -3.43 

(4.989) 

Random Effects         

# surveyed habitat types 6   6   6  

% deviance explained by random 

effects 

6   12   24  

DF Residual 42   42   40  

Notes: *** denotes p < 0.001; **denotes p < 0.01; * denotes p < 0.05. The lmer function automatically calculates t-tests using the 

Satterthwaite approximations to degrees of freedom. 
1 Weights were not measured at one paired site due to equipment malfunction   
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Table 3.3 Output from similarity percentages (SIMPER) analysis showing the 

contribution of key species to the overall dissimilarity (average CPUE; catch / 100 sec) 

between each location-time pairing (A, B). Asterisks indicate significant differences (p < 

0.05) in averages. 

Location-time 

comparison 

Total  

dissimilarity 

Species CPUE  

(A) 

CPUE  

(B) 

Contribution 

[%] 

Reservoir Day  

(A)  

Reservoir Night 

(B) 

75.99 White Sucker * 

Yellow Perch 

White Perch * 

Brown Bullhead 

Fallfish 

Pumpkinseed Sunfish 

0.42 

0.87 

0.22 

1.43 

0.98 

1.14 

4.86 

5.35 

3.72 

1.36 

1.11 

1.37 

24.4 

21.5 

18.0 

9.0 

7.3 

6.9 

River Day  

(A) 

River Night 

(B) 

72.77 Yellow Perch * 

Smallmouth Bass * 

American Eel * 

Gaspereau * 

Common Shiner 

Fallfish 

White Sucker 

0.70 

0.15 

1.00 

0.29 

0.49 

0.02 

0.24 

3.55 

1.15 

1.02 

0.86 

0.54 

0.40 

0.42 

31.9 

13.9 

11.4 

10.0 

8.8 

6.2 

5.1 

Reservoir Night 

(A) 

River Night 

(B) 

70.84 White Sucker * 

Yellow Perch 

White Perch * 

Brown Bullhead 

Pumpkinseed Sunfish 

Smallmouth Bass 

American Eel 

4.86 

5.35 

3.72 

1.36 

1.37 

0.52 

0.07 

0.42 

3.55 

0.27 

0.19 

0.03 

1.15 

1.02 

23.0 

19.2 

16.3 

6.8 

6.7 

5.4 

5.3 

Reservoir Day  

(A) 

River Day 

(B) 

84.49 Pumpkinseed Sunfish* 

Brown Bullhead * 

American Eel * 

Fallfish * 

Yellow Perch 

White Sucker 

Smallmouth Bass 

Common Shiner 

1.14 

1.43 

0 

0.98 

0.87 

0.42 

0.27 

0.04 

0.11 

0.17 

1.00 

0.02 

0.70 

0.25 

0.15 

0.49 

16.1 

15.7 

13.9 

12.6 

12.4 

7.1 

5.7 

5.5 
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Table 3.4 Output from the PERMANOVA analysis comparing differences in fish 

species composition between surveyed locations (reservoir or river) and times (day or 

night) in the Saint John River, NB. 

 Df SS MS F.Model R2 Pr(>F)  

Location 

Time 

3 4.6957 1.56524 7.7842 0.35195 0.001 *** 

Residuals 43 8.6464 0.20108  0.64805   

Total 46 13.3421   1.00   
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Figure 3.1 Map of the Saint John River basin. The black rectangle highlights the 

focussed study area in the vicinity of the Mactaquac Generating Station (MGS) and 

provides an overview of the surveyed reaches in the reservoir (Res1, Res2, Res3) and 
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river environment (Riv1, Riv2 and Riv3). Fish symbols represent the paired study site 

selection. 
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Figure 3.2 Variation between day and night in taxa richness (panel a), catch-per-unit-

effort (CPUE; panel b) and total biomass (panel c) based on N = 24 paired boat 

electrofishing sites in the Saint John River up (i.e. Res 1-3) and downstream (i.e. Riv 1-

3) of the Mactaquac Generating Station, NB. Median values are represented by the dark 

horizontal bar; the lower and upper hinges correspond to the first and third quartiles 

(distance between the first and the third quartile is the inter-quartile range IQR). The 

upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from 

the hinge. The lower whisker extends from the hinge to the smallest value at most 1.5 * 

IQR of the hinge. 

 



 

94 

 

 

 

Figure 3.3 Multidimensional scaling (Principal Coordinates Analysis) output of fish 

assemblage CPUE. The triangles and circles represent the group centroids of area-time 

combinations (River Day/Night and Reservoir Day/Night) and habitat (Riv 1,2 and 3; 

Res 1,2 and 3 for both day and night) respectively. 
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Figure 3.4 Estimated sampling effort for Yellow Perch required to achieve a mean 

relative standard error (RSE) of 0.20 with a 95% confidence interval in the reservoir and 

river habitats of the Saint John River 
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4.1 Abstract 

Flow-related changes of physical habitat represent a potentially significant 

environmental filter determining the presence and composition of fish assemblages in 

rivers. The meso-scale (100-102 m) of river habitat has been identified as an appropriate 

resolution to model linkages between fish and their abiotic environment that are 

relevant, yet logistically feasible, for management of large rivers with complex habitats 
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and diverse fish assemblages. This study identified well-defined mesohabitat types (i.e., 

hydro-morphological units) that influence the fish community of the lower Saint John 

River, New Brunswick, downstream of a large hydropower generating station (the 

Mactaquac Generating Station). Four hydro-morphological units or habitats (i.e. pool, 

riffle, run and slackwater) were identified and linked to three distinct fish assemblages. 

Eurytopic species represent habitat generalists that were common among all habitats 

throughout the study area. Rheophilic species preferred fast flowing run habitat, whereas 

limnophilic species were mainly associated with slackwater habitat. Riffle habitats that 

frequently run dry during low flows were mostly vacant of fish species suggesting that 

fish assemblages that would naturally occur in these environments could be affected by 

fluctuations in flow (i.e. hydropeaking) due to dam operation. Our improved 

understanding of the relationship between fish assemblages and hydro-morphological 

units is a fundamental first step to develop meaningful habitat models that can facilitate 

the effective evaluation of flow management options regarding hydropower and other 

flow manipulation activities in large rivers with diverse fish fauna. 

4.2 Introduction 

Ecohydraulics, the evaluation and prediction of the consequences of geomorphic and 

hydrodynamic changes on lotic systems, has become a major field of research in the 

science of regulated rivers. Numerous human-induced stressors, such as construction of 

barriers and dams or flow modification, alter naturally dynamic river environments 

(Tockner et al. 2012; Anderson et al. 2015). The response of biotic communities is 

frequently characterized by the loss of biodiversity and ecologically significant species 
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(Darwall et al., 2018; Liermann et al., 2012). Consequently, tools such as hydrodynamic 

habitat models that can assess quantitative changes of physical habitat as a function of 

flow, have become increasingly effective in river management and conservation projects 

(Conallin et al., 2010; Dunbar et al., 2012). These models are based on the concept that 

physical habitat acts as a fundamental environmental filtering mechanism that 

determines fish assemblages and community structure (Schwartz, 2016; Townsend & 

Hildrew, 1994). The relevance of selecting the appropriate spatial scale for modelling 

environmental effects has been discussed in detail (Dunbar et al., 2012; Habersack et al., 

2014). Microhabitat or point-scale models simulate hydrodynamic parameters at a high 

spatial and analytical resolution (Moir & Pasternack, 2010; Noack et al., 2017), aiming 

to characterize representative abiotic conditions of the river in question, while the 

macro-scale corresponds to changes in sub-catchments or large ecological or 

morphological spatial units (Kuemmerlen et al., 2019; Schmidt et al., 2020). In 

comparison, meso-scale models operate at an intermediate resolution, using habitat units 

of a few tens to several hundred meters length; a scale that has been shown to 

successfully bridge the gap between available resources, such as logistical and financial 

constraints, and conservation efforts for riverine species (Dunbar et al., 2012; 

Parasiewicz et al., 2013). Several studies have analyzed the functional relationship 

between habitat and flow at the meso-scale focusing on single species, typically socio-

economically valued salmonids (Borsányi et al., 2004; Moir & Pasternack, 2008). Many 

large river systems have diverse habitats and fish communities and thus single-species 

approaches will have limited value for managers in many situations. As a consequence, 

the concept of fish guilds or assemblages (see Stroud et al. (2015) for term definitions) 
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has been implemented by managers whereby multiple species are classified into distinct 

groups based on environmental data (Aarts & Nienhuis, 2003; Welcomme et al., 2006). 

Species are classified into groups based either on the use of similar habitat types (Pegg 

et al., 2014; Vadas & Orth, 2000) or guilds that share similar life history characteristics 

or functional traits (Lima et al., 2017; Macnaughton et al., 2016). Fish guilds have also 

been used to develop habitat suitability criteria for community-level habitat assessments 

in warm water streams (Persinger et al., 2011).  

The purpose of this study was to assess the species richness and to describe the fish 

assemblages in distinct meso-scale hydro-morphological units (hereafter referred to as 

HMUs) in a large regulated river with a diverse fish community (see Curry & 

Munkittrick, 2005). For our study reach of 20 km, we hypothesized that definable 

HMUs contain distinct fish assemblages. This will be the first attempt in such an 

environment. As a component of the Mactaquac Aquatic Ecosystem Study (MAES), our 

goal is to produce a functional and realistic habitat-based model defined by flow 

downstream of a large hydropower facility. Here the river experiences hydropeaking and 

managers are seeking a model to predict impacts of proposed new environmental flow 

regimes (Monk et al., 2018). 

4.3 Materials and Methods 

Study area  

With a catchment area of over 55 000 km2, the Saint John River is one of the largest 

rivers in northeastern North America and has a relatively high diversity of fishes for a 

temperate river with 55 documented fish species (Linnansaari et al., 2017). The river 
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receives tidal influence to the City of Fredericton, ~130 km upstream from the river 

mouth (Carter & Dadswell, 1983), where annual river discharge averages 1100 m3 s-1, 

with summer and winter low flows averaging 250 m3 s-1 (average width= 750m and 

depth= 3m) (Curry & Munkittrick, 2005). Several dams exist in the catchment, and the 

largest, the Mactaquac Generating Station (MGS, at river km 150), is approaching a 

premature end of its service life.  

The study was conducted along a 20 km reach downstream the MGS, which represents 

characteristic habitat conditions and dominating HMUs of the main stem of the lower 

Saint John River (Figure 4.1). Due to dam operation, the study area experiences 

moderate water level fluctuations (i.e. hydropeaking). Typical river width for summer 

low flows (425 m3 s-1) are over 800 m, with average and maximum water depth of 2 and 

17 m respectively (MAES 2019). The study reach has varying dominant substrate types 

(coarse unembedded cobble to mud/sand), island conditions, and spatially variable 

macrophyte beds (Wegscheider et al. 2018; Bruce & Tyrrell 2015; MAES 2019). 

The HMU composition in the studied area is described in detail in a companion study 

(Wegscheider et al., submitted; [Chapter 5]). Briefly, we evaluated the robustness of a 

2D- hydrodynamic model (Delft3D-FLOW 4.01.00; Deltares, 2013) to predict the 

spatio-temporal distribution of HMUs in the vicinity of the MGS. Four distinct HMUs 

with associated transitional zones were simulated through a range of discharge 

conditions and validated with field based mesohabitat mapping. At summer low flow 

conditions (~ 425 m3 s-1; Figure 4.1) the study area was composed of 26.69 % pool, 0.01 

% riffle, 10.06 % run, 23.55 % slackwater habitat and 39.69 % transitional areas. 

Predicted average water depth and flow velocity were 3.86 (± 1.41) m and 0.2 (± 0.11) 
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m s-1 for pool habitat, 0.32 (± 0.07) m and 0.73 (± 0.10) m s-1 for riffle habitat, 2.21 (± 

0.93) m and 0.75 (± 0.19) m s-1 for run habitat, and 0.96 (± 0.37) m and 0.11 (± 0.10) m 

s-1 for slackwater habitat.  

Fish surveys 

Field sampling of fish assemblages occurred at low flow conditions during summer and 

fall (June-October) in 2016 and 2017. Median river discharge (± SD) during this period 

was 286 m3 s-1 (± 380) in 2016 and 158 m3 s-1 (±405) in 2017. Sampling sites were 

selected using stratified random design in ArcMap (Version 10.4.1), based on mapped 

summer low flow conditions and the spatial distribution of HMUs surveyed in 2016. The 

four HMUs represented strata and the location of fishing sites was placed randomly 

within each habitat type. To ensure that all habitat types could be sampled and to 

increase the probability that all species living in those habitat types were effectively 

captured, a variety of sampling techniques (i.e., boat and backpack electrofishing, beach 

seining, and fyke netting) was deployed in all reaches at several sites associated with 

different HMUs (for details see Table S1 in Appendix 2). Consequently, site selection 

was constrained by gear bias (i.e. effective electrofishing depth) and focussed on littoral 

habitats (defined as aquatic habitats in the photic zone < 3m in depth). Overall, 140 sites 

were included in the statistical analyses of presence-absence data and were derived using 

boat electrofishing (n=75), beach seining (n=31) and fyke netting (n=34; Suppl. Data 

Table 4.1). Riffle habitat was backpack electrofished (n=9) but excluded from the 

analysis due to strong water level fluctuations during sampling and subsequent 

uncertainty in detection efficiency. For both boat and backpack electrofishing, the effort 
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was recorded as the number of seconds with electricity being applied to the water 

(usually 300-500 sec).  

Collected fish were identified to species and life stage (adult or juvenile), enumerated 

and subsequently released. Catch of river herring (alewife Alosa pseudoharengus and 

blueback herring Alosa aestivalis) were combined due to inherent uncertainly in explicit 

field identification of live specimens and are hereafter referred to as gaspereau. To 

ensure that our visual classification of HMUs correctly represented each habitat type, 

habitat parameters were recorded at a subset of sites (n=62) using a variety of surveys. 

Direct flow measurements were taken at either 60% (sites with water depth < 1.0 m) or 

both 80 % and 20% of the water depth (at sites with water depth ≥1.0 m), at five points 

arranged in a cross pattern within each HMU, to avoid transitional effects (Gosselin et 

al., 2010), using an Ott meter (Type C20 "10.005") with a calibration counter (model 

CMCsp from Hydrological Services Inc.). Maximum depth at each site was recorded 

using a sonar depth finder (Lowrance HDS7 Gen2; Helminen et al., 2019). The 

dominant and subdominant substrate type were visually assessed using methods 

described in Gautreau et al. (2015). Additionally, overall macrophyte percent coverage, 

representing instream cover, was visually estimated for each site. 

Statistical analyses 

Habitat characteristics assessed for a subset of surveyed HMUs (n=62) were visualized 

using Principal Component Analysis (PCA). In PCA, we retained the number of 

components that accounted for at least 70% accumulated variance explained (O’Rourke 

and Hatcher 2013). Fish data from different gears of all sites (n = 140) were pooled and 

transformed to presence-absence data. Fish community analyses were performed by 
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hierarchical cluster analysis using a Sørensen distance and Ward’s agglomerative 

hierarchical method to discriminate groups (Kaufmann & Rousseeuw, 1990). A 

permutational multivariate analyses of variance (PERMANOVA) was used to test for 

differences in fish community structure between meso-scale HMUs. To minimize the 

influence of rare species on the hierarchical clustering and PERMANOVA analysis, we 

included only species with occurrences in more than one site. For univariate analyses, 

species richness (S, total number of fish species in each sample) was calculated for each 

sampling site and tested for the assumption of normality and homogeneity of variance. 

Difference in species richness between HMUs was tested using the Kruskal-Wallis test, 

and the subsequent Wilcoxon rank sum test for pairwise samples. The adjusted p values 

were achieved by the false discovery rate (FDR) approach (Benjamini and Hochberg 

1995). Saturation of species numbers, and thus sampling effort, for different gear types 

and HMUs was evaluated using sample-based rarefaction curves. To assess the strength 

and statistical significance of the relationship between species occurrence and HMUs as 

a grouping factor for sites, we conducted an indicator species analysis. For the analysis 

of species richness, species accumulation curves and indicator species, we also included 

rare species that were only detected at one site (i.e. all 28 species). The analyses were 

completed in the R program (R Core Team 2011) vegan (Oksanen et al, 2019), 

indicspecies (De Cáceres & Jansen, 2016) and factoextra (Kasambra and Mundt, 2017) 

packages. 
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4.4 Results 

At total of 5025 individuals representing 28 species and 16 families were recorded. If 

possible, species were separated into juvenile and adult life stages (Table 4.1). Overall, 

four introduced and eight diadromous species were documented (Table 4.1), and four 

(i.e., American Eel (Anguilla rostrata), Atlantic Salmon (Salmo salar), Shortnose 

Sturgeon (Acipenser brevirostrum) and Striped Bass (Morone saxatilis)) of the potential 

six “Species At Risk Act” (SARA)-listed species were found in this study (i.e., no 

capture of Atlantic Sturgeon (Acipenser oxyrinchus) or Redbreast Sunfish (Lepomis 

auritus)). American Eel and Lake Chub (Couesius plumbeus) occurred in all four HMUs 

present in the study area (i.e., pool, riffle, run and slackwater). Riffle habitat was mostly 

vacant of species and showed pronounced fluctuations in water levels during sampling. 

In PCA analysis, the total variance explained for the first two axes was 72.3% (i.e., 

45.7% by PC1, and 26.6 % by PC2). Overall, the PCA showed a general gradient of 

hydraulic transitions between fast (riffle and run) and slow (pool and slackwater) habitat, 

as well as between deep (pool and run) and shallow (riffle and slackwater) sites 

(different coloured ellipses in Figure 2a). Specifically, sites classified as run habitat (n = 

13) were characterized by strong flow and coarse substrate, with a median flow velocity 

of 0.81 (± 0.31 SD) m s-1 and a median water depth of 1.57 (± 0.45 SD) m. Pool sites (n 

= 25) covered a wide range of dominate particle size classes and macrophyte coverage 

with median flow velocity of 0.15 (± 0.12 SD) m s-1 and water depth of 1.42 (± 0.46 

SD). Riffle sites (n = 6) were shallow (median depth = 0.44 m ± 0.12 SD), fast flowing 

environments (median velocity = 0.67 m s-1 ± 0.18 SD), dominated by cobble and pebble 

substrate type. Slackwater sites (n = 17) were dominated by silt, sand and gravel particle 
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size and showed a varying degree of macrophyte coverage, with median flow velocity of 

0.06 (± 0.09 SD) m s-1 and water depth of 0.60 (± 0.11 SD) m (Figure 4.2b and 4.2c). 

Outputs from the Kruskal-Wallis test indicated significant differences in fish species 

richness between the three HMUs (i.e. pool, run and slackwater) dominating in the study 

area (K-W test; H (2) = 6.8827, p = 0.03); however, a post hoc pairwise comparison 

showed no significant differences (ɑ  = 0.05). Species accumulation curves showed a 

reasonable saturation of species numbers for boat electrofishing, which represented the 

main surveying method in this study, while trends for beach seining and fyke netting 

were still increasing (Figure 4.3a). When combining all methods to represent the total 

catch, the rarefaction curve strongly resembled the trend of the boat electrofishing 

species accumulation in a first phase, and was followed by a second phase with lower 

addition of new species (Figure 4.3a) for an overall relative plateau. Species 

accumulation curves for HMUs showed an increasing trend for pool and run habitat, 

while the slackwater habitat curve approached a plateau (Figure 4.3b). 

Fish assemblage composition was different between the HMUs (PERMANOVA (F (2,137) 

= 15.135, R2 = 0.18, p = 0.001). Post hoc pairwise comparison showed that locations of 

all fish assemblage group centroids, associated to HMUs as grouping factor, were 

significantly different from each other (all p values < 0.05). A Principal Coordinate 

Analysis (PCoA) was used to visualize these results and facilitate interpretation (Figure 

4.4). 

Hierarchical cluster analysis supported identifying three fish assemblages based on the 

co-occurrence of species at surveyed sites (Figure 4.5; Table 4.1). Seven species (or life 

stages) that were only present at a single site were not included in the hierarchical cluster 
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analysis and placed in identified assemblages following life-history descriptions from 

the literature. Specifically, Brook Trout (Salvelinus fontinalis), Rainbow Trout 

(Oncorhynchus mykiss) and Sea Lamprey (Petromyzon marinus) were placed in the 

rheophilic assemblage, Rainbow Smelt (Osmerus mordax) in the eurytopic assemblage, 

and juvenile Muskellunge (Esox masquinongy), juvenile Chain Pickerel (Esox niger) as 

well as adult Three-Spined Stickleback (Gasterosteus aculeatus) were placed in the 

limnophilic assemblage (Table 4.1).  

The indicator species analysis revealed significant relationships between 12 fish species 

(or life stages) and single or a combination of two HMUs (Table 4.2). Specifically, 

Brown Bullhead (Ameiurus nebulosus) was significantly associated with pool habitat, 

while Atlantic Salmon, Fallfish (Semotilus corporalis) and Longnose Sucker 

(Catostomus catostomus) were linked to runs (Table 4.2). American Eel and White 

Sucker (Catostomus commersoni) preferred a combination of pools and runs, whereas 

Yellow Perch (Perca flavescens), juvenile Smallmouth Bass (Micropterus dolomieu) 

and Banded Killifish (Fundulus diaphanus) were significantly associated to a 

combination of slackwater and pool habitat (Table 4.2). 

4.5 Discussion 

This study documented the presence, composition and habitat associations of fish 

assemblages during low flow conditions, in a 20 km section of the Saint John River 

downstream the MGS. Three distinct fish habitat assemblages, corresponding to three 

HMUs were identified that can be used for habitat modelling purposes regarding hydro- 

morphologic changes that may incur in the river depending on different management 
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options that are being considered with regard to renewal, removal or refurbishment of 

the Mactaquac Generating Station.  

Species richness and community composition significantly differed between HMUs, 

which supports the theory that physical habitat quantified at the meso-scale represents a 

suitable tool to evaluate governing processes and changes in large rivers (Dunbar et al., 

2012; Parasiewicz, 2003). Community-level, meso-scale analyses of lotic systems have 

shown to provide useful information for conservation efforts (Smith, Quist & Hardy, 

2016; Wilkes et al., 2015). Due to their natural mobility, meso-scale assessments might 

be ecologically more meaningful particularly for fish, than traditional micro-scale 

approaches. However, the inherent complexity and heterogeneity of habitat conditions in 

large rivers have resulted in management efforts gravitating towards multi-scale 

modelling, capturing both the micro- and the meso-scale (Habersack et al., 2014; 

Parasiewicz et al., 2012). Consequently, depending on the research question at hand, the 

biologists conducting instream habitat assessments must select the appropriate 

granularity for the model to investigate flow- ecology relationships, a critical factor that 

has been widely discussed in the literature (e.g., Railsback 2016). 

Ecological responses to flow alterations, inferred from community-level assessments 

using habitat assemblages or guilds, can be versatile. In this study we identified three 

assemblages (eurytopic, rheophilic and limnophilic) representing preferences for 

different flow conditions (pool, run, slackwater, respectively). Interestingly, the study 

did not identify a fish assemblage occupying the HMU best described as riffle (shallow 

depth, fast water velocity). Several riffle sections were surveyed using backpack 

electrofishing downstream the MGS, but no fish could be captured except for individual 
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generalist species such as American eels. Functionality of the backpack electrofishing 

unit is not in doubt because fish assemblage surveys using the same unit were 

concurrently carried in other nearby streams for other purposes, and numerous fishes 

were collected using the backpack unit. It appears, therefore, that the fish assemblage 

that would naturally occupy riffles is strongly affected by fluctuations in flow due to 

operation of the MGS. The quality of this usually productive habitat type is likely being 

negatively affected by frequent changes in water levels via hydropeaking, as large parts 

of the riffle HMU are dry during low flows. For the fish community, the effects of these 

flow alterations could manifest as direct (unsuitable habitat during low flow) or indirect 

(food availability) effects. It is conceivable, although not directly tested in this study, 

that the abundance of benthic macroinvertebrates is potentially limited by the time when 

riffle HMU is dry and consequently, drift feeding fish species are affected by a limited 

supply of their major food source (Danehy et al. 2017; James, Dewson, & Death, 2008). 

Under this hypothesis, the riffles would not be profitable HMUs for fish even when 

more suitable flows returned, due to being of low energetic value nutritionally.  

In contrast to riffles, a relatively healthy fish assemblage was observed in the shallow 

habitats located at the river margin and were grouped into the limnophilic assemblage. 

Juvenile life stages of various species were associated with this group, indicating that 

slackwater habitat might serve as refugia for avoiding both instream predators foraging 

in deeper waters, and avian predators via the protection through abundant macrophyte 

and canopy (overhead) cover along the shoreline. However, this assemblage may 

experience an increased sensitivity to extreme low flows. During low flows, the wetted 
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width and therefore, habitat area, decreases which results in disconnection to the 

overhead canopy coverage from the waters edge.  

Fishing surveys were completed during the summer and fall at low flow conditions. 

Seasonal changes in fish assemblages are likely due to the fish behaviour (e.g., due to 

movement of migratory species; Foubert et al., 2018) and environmental factors (e.g., 

changes to coverage of macrophyte beds as refugia and nursing grounds; Bice et al., 

2014) and is likely to affect the membership of several species in the identified 

assemblages. Particularly, the use and availability of winter habitat represents a field 

where current knowledge is scarce (Cunjak, 1996; Linnansaari et al., 2009). Thus, flow-

ecology relationships identified in this study must be set in context with low flow 

periods during summer (June – August) and autumn (September – early October). 

Furthermore, several fish species show diel patterns in their behaviour. Biological 

community metrics such as total abundance, species richness or fish community 

structure are likely to vary between day and night time (Midwood et al., 2016; Pierce et 

al., 2001). Although the fish assemblage classification was based on sites sampled only 

during daytime due to logistical reasons, Wegscheider et al. (2020; [Chapter 3]) 

analyzed the influence of diel period on fish assemblages in the Saint John River and 

showed that species richness and total catch per unit effort in habitats up- and 

downstream of the MGS were significantly higher when conducting electrofishing 

surveys during night-time. Despite these limitations, summer and autumn low flow 

conditions represent a sensitive key period in flow-ecology relationships and 

anthropogenic water demand is often highest during such conditions (Rolls et al., 2012; 

Rosenfeld, 2017). Particularly in the case of regulated rivers, the effects of non-natural 
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fluctuations in water level associated to hydropower generation may be exaggerated 

during the low flow periods, and may cause changes that are detrimental to the quality of 

critical habitat (Schmutz et al., 2016). For example, persistent low flows may lead to a 

gradual transition from lotic to lentic hydrodynamics which would be detrimental to 

habitat requirements of rheophilic species documented in the Saint John River. 

Specifically, parameters such as water temperature may increase as a response to 

decreasing flow, followed by a concomitant decrease in dissolved oxygen, with 

potentially fatal consequences for cold water species such as salmonids (Olden & 

Naiman, 2010; Rosenfeld, 2017). 

The use of multiple gear types during surveys also represents a factor that is likely 

influencing fish assemblage classification. However, besides the fact that it was not 

possible to sample all HMUs using a single gear type, our goal was to sample the widest 

possible range of available habitat and species in the study area. Particularly in large 

rivers, a combination of different sampling methods is thus required to represent the 

complex relationship between fish assemblages and habitat structures (Loisl et al., 2014; 

Zajicek & Wolter, 2017), and increase the probability of detecting as many species as 

possible. Despite our aim to representatively sample all habitat types present in the 

studied reach, the fish assemblage composition in the open water zone of the main 

channel may not be thoroughly described by the three assemblages identified in this 

study. This is because some mid-channel habitats were very deep (i.e., > 5 m), and the 

boat electrofishing and net seining was restricted to the shallow littoral shoreline (i.e., < 

3.0 m). However, a recent study by Zajicek and Wolter (2017) showed that shoreline 

electrofishing represents the typical fish assemblages in large rivers sufficiently well. 
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Finally, classification of migratory species into fish assemblages must be interpreted 

with caution, as their habitat preferences are complex and dependent on life-stage. A 

combination of various methods, such as biotelemetry and direct capture of individuals 

might improve our understanding of a biological response to flow alteration. Multiple 

concurrent diadromous fish movement studies were conducted parallel to this study 

(e.g., Atlantic Salmon, Babin 2019; Striped Bass, Andrews 2019; American Eel, Dixon 

2018) confirming the complexity of classifying highly migratory species with 

ontogenetic shifts into any one fish assemblage.   

Future studies need to investigate how these hydrogeomorphic units are related to each 

other across time and space. Even if high quality habitat is present, the species of interest 

needs to be able to move to these preferred habitat patches from other locations in the 

individual’s range. Therefore, habitat connectivity is an important metric that needs to 

be considered when evaluating habitat models at low flow condition. This is especially 

important when diadromous species are present, which can rely on a wide range of 

different habitat types to complete their life cycle (Fullerton et al. 2010; Wolter et al. 

2016). Buddendorf et al. (2017) and Roy and Le Pichon (2017) have recently 

demonstrated the importance of habitat connectivity for salmonids using modelling case 

studies. In addition, fish assemblage analysis based on life history strategies or ‘traits’, 

could provide additional information that might be lacking if the study is restricted only 

to taxonomic analysis (Schwartz, 2016; Wolter et al., 2016). Lima et al. (2017) 

demonstrated how taxonomic and trait analyses can be combined in assessing the impact 

of hydromorphologic changes, such as damming, on the fish community in a river.  
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In conclusion, this study showed that meso-scale habitat types surveyed in a large 

temperate hydropower-regulated river support distinct fish assemblages, revealing 

significant associations between identified habitat assemblages and flow. This 

community-level approach represents a promising tool in quantifying the effects of 

environmental stressors related to flow and improving conservation efforts in regulated 

rivers. 
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Table 4.1 Classification of fish community into habitat assemblages based on clustering 

analysis in the lower Saint John River, NB. 1 diadromous species, 2 introduced species, 3 

species grouped according to life history and expert opinion 

Assemblage 

name 

Assemblage members Assemblage  

description 

Eurytopic American Eel1 Anguilla rostrata Species common in  

 Brown Bullhead 

Ameiurus 

nebulosus the whole study 

 Common Shiner Notropis cornutus area except of   

 Gaspereau1 Alosa sp 

reaches  

characterized 

 Golden Shiner 

Notemigonus 

cryosoleucas by strong flow 

 Pumpkinseed Sunfish Lepomis gibbosus 

HMU sampled:  

Pool, Run, 

Slackwater 

 Rainbow Smelt1,3 Osmerus mordax  

 

Smallmouth Bass 

(juvenile and adult)2 

Micropterus 

dolomieui  

 

White Perch (juvenile 

and adult) Morone americana Gear types:  

 White Sucker 

Catostomus 

commersoni Boat electrofishing 

 Yellow Perch Perca flavescens Fyke net 

Rheophilic Atlantic Salmon 1 Salmo salar 

Main channel areas  

with relatively 

 Brook Trout 3 

Salvelinus 

fontinalis high velocity and 

 Burbot Lota lota depth 

 Fallfish 

Semotilus 

corporalis Transition zone: 

 Lake Chub 

Couesius 

plumbeus Run to Pool 

 Longnose Sucker 

Catostomus 

catostomus HMU sampled: 

 Muskellunge 2 Esox masquinongy Run 

 Rainbow Trout 2,3 

Oncorhynchus 

mykiss  

 Sea Lamprey 3 

Petromyzon 

marinus Gear types:  

 Shortnose Sturgeon1 

Acipenser 

brevirostrum Boat electrofishing 
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 Striped Bass1 Morone saxatilis  

Limnophilic 

Banded Killifish 

(juvenile and adult) 

Fundulus 

diaphanus 

Shallow areas with low 

flow velocity 

 

Brown Bullhead 

(juvenile) 

Ameiurus 

nebulosus 

at the margin of the 

channel 

 

Chain Pickerel 

(juvenile and adult)2,3 Esox niger 

Small-bodied species or 

juvenile life stages 

 

Common Shiner 

(juvenile) Notropis cornutus 

HMU sampled: 

Slackwater 

 Fallfish (juvenile) 

Semotilus 

corporalis Gear types: 

 

Four-spined 

Stickleback Apeltes quadracus Beach seine 

 

Muskellunge 

(juvenile)2,3 Esox masquinongy  

 

Three-spined 

Stickleback 3  

Gasterosteus 

aculeatus  

 

White Sucker 

(juvenile) 

Catostomus 

commersoni  
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Table 4.2 Significant indicator species and their relationship to single or combined 

hydromorphologic units in the lower Saint John River, NB. Specificity and sensitivity 

represent conditional probabilities. The former indicates the positive predictive value of 

the species as an indicator for a site group while the latter shows the probability of 

finding the species in sites belonging to this group. 

Species           

a) Pool   Spec. Sens. Stat p 

Brown Bullhead Ameiurus nebulosus 0.87 0.42 0.60 0.001 

            

b) Run           

Atlantic Salmon Salmo salar 0.96 0.32 0.55 0.001 

Fallfish Semotilus corporalis 0.63 0.44 0.52 0.003 

Longnose Sucker Catostomus catostomus 1.00 0.08 0.28 0.02 

            

c) Slackwater           

Four-spined Stickleback Apeltes quadracus 0.83 0.68 0.75 0.001 

Banded Killifish (juv) Fundulus diaphanus 0.75 0.45 0.58 0.001 

White Sucker (juv) Catostomus commersoni 0.77 0.29 0.47 0.001 
  

    

d) Pool + Run      

American Eel Anguilla rostrata 0.95 0.61 0.75 0.001 

White Sucker   Catostomus commersoni 0.92 0.51 0.69 0.002 

      

e) Pool + Slackwater           

Yellow Perch Perca flavescens 0.87 0.61 0.73 0.001 

Smallmouth Bass (juv) Micropterus dolomieu 0.92 0.42 0.62 0.005 

Banded Killifish Fundulus diaphanus 1.00 0.22 0.47 0.035 
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Figure 4.1 Study area with available HMUs based on habitat mapping under summer 

flow conditions (Q= 425 m3s-1). The transitional boundary zone represents the gradual 

transition between habitat types. Sampled sites (n = 149) composite of pool habitat (n = 

84, circle symbols), riffle habitat (n = 9, triangle symbols), run habitat (n = 25, square 

symbols) and slackwater habitat (n= 31, cross symbols). 
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Figure 4.2 Habitat characteristics of a subset of surveyed HMUs (n = 62). Pool (n = 26), 

Riffle (n = 6), Run (n=13) and Slackwater (n = 17) 
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Figure 4.3 Sample-based rarefaction curves with 95 % confidence intervals for a) 

methods (separately and combined) and for b) the three hydro- morphological units in 

the studied area of the lower Saint John River representing increase in taxa richness with 

increasing sampling effort 
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Figure 4.4 Principal Coordinate Analysis (PCoA) output indicating three distinct fish 

assemblages based on presence-absence data. Sample scores are coded according to 

HMU as grouping factor (i.e., crosses= slackwater, open circles= pool and open squares 

= run). Standard deviation ellipses represent confidence regions for each group. Solid 

lines show multivariate dispersion from the group centroid. 

 

 



 

127 

 

 

Figure 4.5 Hierarchical cluster analysis showing similarities in mesohabitat associations 

of 21 adult and 7 juvenile fish species / life stages in the Saint John River, NB, Canada. 

top panel= eurytopic assemblage; center panel= rheophilic assemblage and bottom 

panel= limnophilic assemblage. 
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5.1 Abstract 

Physical habitat models represent a widely used tool in river management, yet, there is a 

growing consensus that fundamental principles have limits in assessment and design and 

it is evident that improved methodologies are needed. Here, we suggest a framework that 

takes steps towards resolving some of these issues, using changes of fish habitat in a 

large regulated river as a case study. First, we propose moving away from making 

decisions based on studies focused on single species and adopt a community level 
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approach, thereby acknowledging the varying habitat needs among species. Second, 

linkages between the distribution of biota and the hierarchical structure of hydro-

morphologic features in rivers should be assessed on multiple spatial scales. For large 

rivers, hydrodynamic modelling in combination with a fuzzy rule-based classification is 

suggested as a tool to delineate and quantify meso-scale fish habitat. Third, sources of 

uncertainty that are linked to both fundamental elements of habitat models, namely the 

biological and hydrodynamic components, need to be quantified and reported in 

modelling outcomes. Research effort and empirical data on habitat use and preference of 

fishes are typically focused on a small group of species and limited for many imperilled 

or elusive taxa, and we suggest using expert knowledge to expand beyond one or a few 

species to build the biological models for a community-level assessment until empirical 

data become available. The steps described in the modelling framework represent key 

tools for river managers charged with developing environmental flows guidelines in 

large, regulated rivers. 

 

Keywords: conservation ecology, uncertainty analysis, environmental flows, 

MesoCASiMiR, riverine fish, expert elicitation 
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5.2 Introduction 

The expansion of hydropower, causing flow regulation and river fragmentation, ranks 

among the top threats to freshwater biodiversity on a global scale (Reid et al. 2019). 

Instream flow studies have emerged as a discipline to assess the effects of hydrological 

and morphological alterations on biota (e.g., Bovee 1982; Acreman and Dunbar 2004), 

and physical habitat modelling represents a valuable tool in this context (Dunbar, 

Alfredsen, and Harby 2012; Linnansaari et al. 2013). These models are built on the 

premise that the distribution of aquatic biota is fundamentally linked to the hydro-

morphologic structure of lotic systems and responds to changes in habitat conditions at 

least after some (and sometimes relatively long) time-lag (Dunbar et al. 2012; Townsend 

and Hildrew 1994). 

The preference curve method, and other forms of flow-ecology relationships have been 

widely used and represent the fundamental building block of physical habitat modelling 

platforms, such as PHABSIM, that traditionally operate at the micro-scale (Dunbar et al. 

2012; Nestler et al. 2019). However, there is no shortage of criticism of the methods 

utilizing flow-ecology relationships (e.g., Hudson et al. 2003; Lancaster and Downes 

2010a; b). Three often-cited critiques are: 1) mishandling of temporal or spatial scales 

(Kemp et al. 2003; Railsback 2016); 2) focusing conservation efforts on single species 

(Persinger et al. 2011; Schwartz 2016); and 3) not quantifying the sources of uncertainty 

accumulating from both biological and hydrodynamic models (Castleberry et al. 1996; 

Linnansaari et al. 2013). 
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Flow-ecology relationships function across many scales and depend on abiotic processes 

acting at the much larger riverscape or catchment scale (Carbonneau et al. 2012; Fausch 

et al. 2002). This has been recognized by river scientists and led to the development of 

tools enabling a hierarchical assessment of habitat conditions at a variety of spatial 

scales (Gurnell et al. 2016; Parasiewicz et al. 2012). For example, Habersack et al. 

(2014) recommended that in large rivers with complex habitat structures, a combination 

of micro- (10-2-100 m) and meso-scale (100-102 m) modelling was necessary for 

ecological sound, river management. Meso-scale models link continuous areas of similar 

microhabitat conditions (e.g., velocity and water depth) to the occurrence of aquatic 

biota and represent a suitable option to bridge the gap between point-scale and 

catchment-scale processes. Tools and methods are needed to map and delineate these 

habitat patches (Wheaton et al. 2015; Belletti et al. 2017), which are also referred to as 

hydro-morphologic units (HMUs), particularly under non-wadable conditions when 

standard mesohabitat surveys become unfeasible (Wegscheider, Linnansaari and Curry 

2020; [Chapter 2]). Recent advances in remote sensing techniques (Bizzi et al. 2016; 

Hugue et al. 2016) enable mapping spatially continuous habitat characteristics at a high 

resolution (i.e., micro-scale) and use supervised (e.g., Wyrick et al. 2014) or 

unsupervised (Legleiter and Goodchild 2005; O’Sullivan et al. in press) classification 

techniques to delineate the spatio-temporal distribution of meso-scale habitat patches 

(i.e., upscaling). Furthermore, increased computational capacity has made the use of 

detailed hydrodynamic models possible over large spatial scales, making simulations 

across various flow rates a useful management tool (Fleischmann et al. 2019; 

Wegscheider, Linnansaari and Curry 2020; [Chapter 2]). Particularly in large rivers, 
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which are non-wadable even under low-flow conditions, these alternative approaches are 

necessary to optimally analyze fish habitat. 

Large rivers facing management decisions usually host a diverse fish fauna, raising the 

need to evolve from species-specific habitat modelling to community-level approaches, 

based on either habitat use (i.e., habitat guilds; Vadas and Orth 2000; Pegg et al. 2014) 

or life history strategies (e.g., Schwartz 2016). Conservation efforts are frequently 

focused on single or a small group of socio-economically important species (e.g., 

salmonids), thus likely neglecting habitat requirements of other, less-studied species. 

Consequently, data to empirically derive habitat preference curves is limited and 

information is often only available in the form of qualitative expert knowledge. Expert 

judgment offers the possibility of tapping into the breadth and depth of knowledge 

acquired over many years, often on many different rivers. It can be incorporated in fuzzy 

logic models, and has been demonstrated to be a suitable method in informing river 

managers regarding changes in habitat availability and quality (Mocq et al. 2013; 

Beaupré et al. 2020), representing a potential alternative solution to tackle ecological 

issues in large rivers.  

Due to the inherent subjectivity of eliciting information from a single expert and the 

need to quantify uncertainty resulting from variation in expert opinion (Mocq, St-

Hilaire, and Cunjak 2015; Radinger, Kail, and Wolter 2017), it is recommended to select 

multiple experts and combine their judgment to define habitat requirements for the 

species or life stage of interest (Mocq et al. 2013). Such an approach will be effective, 

but it introduces more variability in modelling that already lacks assessment of 

uncertainty (Elith, Burgman, and Regan 2002; Linnansaari et al. 2013). Our goal was to 
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assess each of these uncertainties inherent in habitat suitability models, namely the 

uncertainty derived from the biological including expert opinion assessments and the 

hydrodynamic modelling. 

We present a fuzzy logic-based, habitat modelling framework that takes steps towards 

resolving some of these problems and illustrate the concept using a large regulated river 

as a case study. The objectives of this study were to test the predictive capability of a 

fuzzy logic-based, hydraulic-habitat model to i) map and delineate meso-scale HMUs in 

the downstream vicinity of a large hydropower generating station for a range of flow 

conditions under non-wadable conditions, and ii) map availability of suitable habitats for 

fish assemblages at the micro- and meso-scale levels of assessment. We quantify the 

accumulating degree of uncertainty stemming from the biotic and hydrodynamic 

components of the model and computed confidence intervals to final habitat rating 

curves and time series. These assessments of uncertainty are providing a key tool to 

managers charged with developing environmental flows guidelines in large, hydropower 

regulated rivers. 

5.3 Methods 

5.3.1 Study area and fish assemblages 

With a catchment area of over 55 000 km2, the Saint John River is one of the largest 

rivers in northeastern North America and has a relatively high diversity of fishes for a 

temperate river with 55 fish species documented (Linnansaari et al. 2016). Several dams 

exist in the catchment, and the largest, the Mactaquac Generating Station (MGS), is 

approaching a premature end of its service life. The study was conducted along a 20 km 
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reach downstream of the MGS, which represents typical habitat conditions and 

dominating HMUs of the main stem of the lower Saint John River (Figure 5.1). 

The fish assemblages identified in the study area are described in detail in a companion 

study (Wegscheider et al. 2020; [Chapter 4]). Briefly, we conducted fish community 

surveys during summer and autumn low flow conditions in 2016 and 2017. The 

identified assemblages were groups of fish species that were commonly observed in 

similar mesohabitats (Wegscheider et al. 2020; [Chapter 4]), showing consistent affinity 

towards certain hydrodynamic features (i.e., velocity, depth, substrate and cover). The 

following groups have been identified (sensu Grenouillet and Schmidt-Kloiber 2006): i) 

eurytopic assemblage, ii) rheophilic assemblage, and iii) limnophilic assemblage. A 

species indicator analysis (Cáceres and Legendre 2009) was used to identify species that 

were significantly associated to hydro-morphologic units. The distribution of indicator 

species was used to validate the predictive performance of the model. Species belonging 

to the eurytopic assemblage are habitat generalists that are associated to a variety of 

habitat types and common throughout the whole study area. These species typically 

exhibit a wide tolerance of flow conditions but are generally not considered to prefer 

high velocities (Grenouillet and Schmidt-Kloiber 2006). Indicator species belonging to 

the rheophilic group were typically associated to fast flowing environments (i.e., run or 

riffle habitat) and included salmonids. The limnophilic group consisted mainly of 

species that prefer shallow habitat with slow flowing to stagnant conditions at the river 

margin. The latter group was also characterized by a higher proportion of small-bodied 

or juvenile life stages of species (Wegscheider et al. 2020; [Chapter 4]). 
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5.3.2 Habitat modelling framework and workflow 

The presented habitat modelling workflow involves five steps: i) biological modelling, 

ii) abiotic modelling, iii) habitat suitability and uncertainty modelling, iv) obtaining (or 

modelling of) discharge time series and finally v) predicting changes in habitat 

availability through time (Figure 5.2). The following section describes each of the 

workflow components, including all relevant intermediate steps. 

 

Step 1: Biological modelling (Figure 5.2) 

The biological model used the fuzzy logic-based MesoCASiMiR modelling platform 

(Noack et al. 2013; Wegscheider, Linnansaari and Curry 2020; [Chapter 2]) to define 

habitat requirements of fish assemblages. Habitat preference can be described using 

existing established curves from the literature, or, in the absence of empirically based 

flow-ecology relationships, the information can be derived from experts. In this study, 

15 experienced fish ecologists (i.e., experts), all familiar with the river system and its 

fish fauna, provided the necessary biological information. All experts had a university 

degree in fish ecology or a comparable field, and had distinct, multi-year applied 

knowledge on the habitat requirements of riverine fish documented in the Saint John 

River. All experts were asked to perform two sequential tasks summarized as i) defining 

relevant habitat thresholds / units at micro- and mesohabitat scale (Figure 5.2, Step 1a), 

and ii) defining habitat requirements of fish assemblages at these two scales (Figure 5.2, 

Step 1b).  

For the first task, each expert independently set partially overlapping threshold values to 

categorize habitat variables into trapezoid-shaped membership functions (Figure 5.3). 
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Membership categories were described using linguistic terms such as “high”, “medium” 

or “low“, and threshold values defined the limits and degree of overlap between them 

(Figure 5.3; Table 5.1). At the micro-scale, flow velocity, water depth and dominant 

substrate particle size were used as habitat parameters whereas at the meso-scale, cover 

was added as a fourth variable (Table 5.1). In addition, for the meso-scale, fuzzy 

hydraulic thresholds values for depth and water velocity were used to classify four 

HMU’s according to a pre-determined decision tree (Table 5.2) that was based on 

previous findings regarding the HMU distribution and fish assemblages at the studied 

site (Wegscheider et al. 2020; [Chapter 4]). Fuzzy sets for the categories (i.e., low, 

medium and high) of the output variable (i.e., HSI) were predetermined and not changed 

by the experts. For a detailed description regarding the elicitation of expert knowledge 

using fuzzy logic see the Supporting Information in Appendix 3. 

Second, all experts independently defined habitat requirements for fish assemblages for 

the meso- and micro-scale using fuzzy sets and rules. For the latter, micro- and 

mesoscale assessment involved indicating low, medium or high suitability for 36 and 48 

potential variable combinations of habitat parameters respectively. Overall, 15 different 

fuzzy models were thus developed for each of the three fish assemblages resulting in a 

total of 45 models for both the micro- and meso-scale, respectively. These linguistic 

variables were combined using IF-THEN rules, which defined the habitat suitability for 

the fish assemblages. As an example of a fuzzy-rule for a rheophilic (i.e., flow-

preferring) fish assemblage, an expert could define: If flow velocity is high and water 

depth is moderate and substrate diameter is moderate then habitat suitability is high 

(Figure 5.2, Step 1b). 
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Step 2: Abiotic modelling (Figure 5.2) 

Step 2a) Hydrodynamic numerical modelling 

A 2D hydrodynamic numerical model (i.e., Delft3D-FLOW 4.01.00; Deltares 2013), 

which solves unsteady continuity and Reynolds-averaged Navier-Stokes equations was 

applied to approximately 150 km of the Saint John River from the MGS at the studied 

site to the city of Saint John, NB (NATECH 2015). A standard modelling approach was 

applied to develop the model, starting with preliminary model setup and grid 

development, followed by calibration and validation. Input data included discharge 

through the MGS, incoming tributary discharges, wind speed and direction, and 

bathymetric data to estimate depth-averaged water velocities and water level (NATECH 

2015). Bathymetric data for the model were obtained using single-beam sonar following 

suggested methodologies for Lowrance sonar units (Navico 2014; Wallace and Gautreau 

2015) and validated by Helminen et al. (2019) at the studied site. Bathymetric data were 

merged with riparian zone and island elevations obtained from provincial LiDAR data to 

create complete coverage from low-water to high-water flood conditions. An orthogonal 

curvilinear grid with 402 502 grid-cell elements was applied to the study area, allowing 

for high resolution in the area of interest to best represent the complex river form. The 

computational model was then calibrated by adjusting the model parameters until 

predicted and measured water levels matched using all of the data available in 2008 (an 

extreme flood year). To validate the model overall performance, Delft3D was applied to 

simulate the flow conditions experienced in 2014 and the resulting water level 
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predictions were compared against an independent set of observed data from 2014 

(various Environment Canada gauging stations in the 150 km area downstream) with 

excellent correlation (NATECH 2015). To further validate the model in the immediate 

study area used in this study (i.e., 20 km reach downstream the MGS; Figure 5.1), 

current velocity and discharge data were collected using a mobile acoustic Doppler 

current profiler (ADCP) at 14 transects in the main channel and between the islands 

(Figure 5.1) for three representative flow ranges; these events were coordinated with the 

owner-operator of the MGS, and the flow rate was held at a constant value, 

corresponding to pre-determined levels during the collection of the validation data (low 

flows 6 and 14 Sept 2017, at 68 – 210 m3s-1; medium flows, 16 Nov 2017, at 405 – 531 

m3s-1 ; high flows, 3 Nov, at 1145 – 1790 m3s-1). There are inherent inaccuracies 

associated with field measurements of flow data (e.g., blanking distance at the riverbed, 

estimations made at the edges of the transects, transect line track, etc.) that are most 

pronounced at the lowest flows. Overall, the hydrodynamic model had an estimated 

error of flow prediction of the high, medium and low flows within 9, 10 and 18% RMSE 

respectively (Ndong et al. unpublished). The model was then applied to support the fish 

habitat modelling, simulating velocities and water levels for eight discrete flow values 

(Figure 5.4), ranging from historic summer low flow (35 m3s-1; i.e., pre-MGS) to 

bankfull discharge (i.e., 4390 m3s-1). 

Step 2b) Hydro-morphologic unit simulation  

First, the fuzzy thresholds for velocity and water depth of meso-scale categories, as 

defined by experts, were used to delineate and model the distribution of hydro-
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morphologic units downstream the MGS for the eight simulated flows. Four HMUs (i.e., 

run, riffle, pool and slackwater) were identified using a supervised classification based 

on predetermined fuzzy rules (Table 5.2). Each model element is associated with a 

degree of membership (DM) to a HMU class, varying from 0 (the element does not 

belong at all to the category) to 1 (the element belongs fully to the category). Model 

elements belonging to a HMU class with a DM higher than an subjectively selected 

threshold of 0.5 were classified as the respective HMU. Cells that did not have a DM 

value higher than 0.5 for any of the HMUs were grouped into a fifth category (i.e., 

transitional boundary zone), representing the gradual transition between mesohabitat 

types (see Figure 5.1). This methodology represents a similar approach to the system 

used by Wyrick and Pasternack (2014); however, fuzzy thresholds represent gradual 

transitions between habitat types better than crisp values. Percent change in total wetted 

area and kernel density plots of velocity-depth distributions for HMUs were computed to 

analyze habitat fluxes from a selection of low, moderate and high flow scenarios (Figure 

5.5). 

Step 2c) Hydro-morphologic unit field validation 

In order to evaluate the robustness of the hydrodynamic model to predict the spatio-

temporal distribution of HMUs, we conducted field-based mesohabitat mapping 

(“ground-truth observations”) under similar discharge conditions as selected simulation 

flows used in the hydrodynamic model (i.e., average flow during field mapping: low= 

368 m3s-1, medium= 705 m3s-1 and high= 3994 m3s-1, Figure 5.4). Four HMUs (i.e., run, 

riffle, pool and slackwater) were classified using a decision tree adapted from Borsányi 
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et al. (2004) (Table 5.2) based on crisp values of depth (1.0 m and 3.0 m to delimit 

between shallow to medium, and medium to deep categories, respectively) and water 

velocity (0.5 m/s to classify between fast and slow habitat) thresholds and drawn as geo-

referenced polygons on a field tablet running ArcGIS software. Depth was measured 

using an echosounder (with accuracy assessments by Helminen et al. 2019), while water 

velocity was measured using an Ott meter (Type C20 ‘‘10.005’’) with a calibration 

counter (model CMCsp from Hydrological Services Inc.). The dominant and 

subdominant substrate type were visually assessed, using a modified Wentworth scale 

and methods described in Gautreau et al. (2015). Additionally, the distribution of 

macrophyte beds, representing instream cover, was mapped using hydroacoustic surveys 

(Helminen et al. 2019). The final grid obtained from the hydrodynamic model (i.e., 

depth and velocity) was linked to mapped habitat parameters (i.e., substrate and cover) 

in ArcMap 10.0 and served as template for the habitat suitability model.  

 

Step 3: Habitat suitability modelling and uncertainty assessment (Figure 5.2) 

Step 3a) Habitat suitability modelling 

To summarize the habitat suitability for the study reach downstream of the MGS, we 

calculated the weighted useable area (WUA, Bovee 1982) as an integration of the habitat 

suitability indices (HSI) over all cells for each expert at each modelled discrete flow: 
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where Ai describes the area of each single cell i and SIi refers to the HSI of that 

respective cell. Next, the hydraulic habitat suitability (HHS) index was computed to 

provide an intuitive dimensionless value of overall habitat quality across the 20 km 

reach. Here, the WUA for each discrete flow is divided by the total wetted area and 

ranges between 0 and 1. For each habitat assemblage, Generalized Additive Models 

(GAM) were used to fit habitat rating curves through multi-expert derived HHS values 

at modelled flows  (accounting for non-linear responses; Muñoz-Mas et al. 2016), for 

both micro- and meso-scale simulations: 

 

where g is the link function, E is the expected value, β0 is the intercept, xi corresponds to 

the input variables and si are the smoothing functions. The mgcv R-package (version 1.8; 

Wood 2011) was used to construct GAM-models. The maximum number of knots (i.e., 

the number of bends of every smooth curve) was restricted to 3 to allow for unimodal 

responses with gaussian –option selected as the link function. 

Step 3b) Uncertainty assessment in hydro-morphologic unit simulation 

To analyze the agreement between experts in delineating HMUs, a hypothetical flow 

field was created, covering all possible combinations of flow velocity (v) and water 

depth (d). This v-d field represented a gradual transition from 0 to 2 m s-1 for flow 

velocity on the x-axis, and 0 to 8 m for water depth on the y-axis (Figure 5.6). We 

calculated the mean degree of membership (mean-DM, 0-1) across all 15 simulations 

and for each v-d combination of HMUs in the artificial flow field. The mean degree of 

membership corresponds to a cell’s likelihood of belonging to a specific HMU, as well 
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as the standard deviation (sd-DM) as an indication of the dispersion among experts in 

delineating habitat patches (Figure 5.6 in main text and Figure S2 in Appendix 3). 

Mean-DM and sd-DM were also calculated for the 20 km reach downstream the MGS 

for various flows to visualize the spatial distribution of HMUs (i.e., mean degree of 

membership to a HMU > 0.5) in a realistic flow field (e.g., Figure 5.1 at a discharge of 

425 m3s-1).  

Step 3c) Uncertainty assessment in habitat suitability prediction 

Uncertainty in biological models presented in this study results from different expert 

judgments. Inter-rater reliability in defining fuzzy rule consequences was evaluated 

using Gwet’s AC2 coefficient, whereas ordinal dispersion in expert judgment for all 

combination of fuzzy rules was measured using Leik’s D and Eijk’s A scores (Figure 

5.7). For a detailed analysis of inter-rater reliability and description of calculated 

agreement metrics (Gwet’s AC2, Leik’s D and Eijk’s A) between experts, we refer to 

the Supporting Information in Appendix 3 and methods outlined in Radinger et al. 

(2017). Agreement between experts in defining habitat requirements for fish 

assemblages was analysed using a hypothetical flow field that represented all potential 

combinations between flow velocity, water depth and substrate particle size classes with 

and without cover. For each fish assemblage and combination of habitat parameters, 

mean-HSI and sd-HSI were calculated across all 15 simulations. Boosted regression 

trees were used to determine which habitat parameter had the biggest influence on 

dispersion in expert judgment (i.e., sd-HSI; Table 5.3). 
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For the 20 km reach, mean HSI of all 15 habitat suitability maps (i.e., for each expert) 

for each fish assemblage, as well as the standard deviation, sd-HSI were computed for 

various discharge conditions ranging from historic low flows (i.e., Q= 35 m3s-1) to 

bankfull flow (i.e., Q= 4390 m3s-1). The mean HSI predictions of a typical summer 

discharge (i.e., 425 m3s-1) were used for subsequent validation purposes, since field 

sampling occurred during similar flow conditions (see Wegscheider et al. 2020; [Chapter 

4]). 

Step 3d) Uncertainty assessment in habitat rating curves 

Error estimates originating from the hydrodynamic model were incorporated into the 

uncertainty assessment and velocity values of each model element adjusted by a 

correction factor for low, medium and high flows (i.e., ± 18% for Q < 425 m3s-1, ± 10% 

for Q > 425 m3s-1 and < 1275m3s-1, ± 9% for Q > 1275 m3s-1, based on documented 

RSMEs in Step 2a). For example, if the estimated error was 10% for medium flows and 

the velocity of a cell was 1.2 m s-1, this value was proportionally adjusted by ±0.12 m s-1. 

This resulted in six spatial grids incorporating different error estimates (i.e., grid ± error 

low/medium/high), which were used as templates to establish the habitat versus flow 

relationship (i.e. HHS curves) for the target fish assemblages. The reference HHS curve 

(i.e., no hydraulic error correction) was compared to an alternative curve incorporating 

the varying level of error in velocity input stemming from the hydrodynamic component 

of the model (Figure 5.8).  

 

Step 4: Discharge time-series (Figure 5.2) 
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In this application, discharge data from NB Power, based on total hourly water volume 

released from the MGS between October 2005 and December 2015 were used to 

construct a time series of median daily flows (m3 s-1) for a characteristic year under 

regulated present-day conditions (Figure 5.9). While the discharge data were readily 

available for this study, a general application of the modelling framework described 

herein may be based on modeled discharge time series relying on close-by hydrometric 

stations (e.g. Thomas and Benson 1975). If the discharge time series are not actual 

observed data but are modeled based on close-by catchment data, this step represents 

another source of inherent uncertainty that should be incorporated into subsequent HHS 

curve assessments.   

Step 5: Predicting changes in habitat availability as a function of time (Figure 5.2)  

The modelled HHS-discharge relationship and daily median total discharge data were 

used to compute an HHS time series (sensu Parasiewicz 2008) with daily time steps 

(Figure 5.2, Step 5; Figure 5.10). This was done for both spatial scales, and separately 

for the three different fish assemblage models.  

5.3.3 Model evaluation 

Hydro-morphologic unit assessment 

Maps of the simulated (i.e., product of Steps 2a and 2b) and field-surveyed (i.e., Step 2c) 

spatial distribution of HMU’s were compared to evaluate the supervised fuzzy 

classification of mesohabitat types. For the simulated HMU’s, identification and 

delineation were the product of two steps described above: (i) spatial grids of depth and 

velocity at a low, moderate and high discharge extracted from a 2D hydrodynamic 
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model (Step 2a), and (ii) an expert-specified HMU classification scheme using fuzzy 

depth and velocity threshold values (Step 2b). Areas delineated as the transitional 

boundary zone in the simulated habitat maps (See e.g., Figure 5.1, Figure 5.5; yellow 

areas) were not considered in the comparison, to ensure an equal number and same 

typology of habitat types between both methods. The average similarity statistic (Visser 

and de Nijs 2006) was used as a metric to assess the similarity and overlap between the 

two approaches (see Table 5.4). 

Habitat suitability modelling 

Data on the distribution of selected indicator species (i.e., presence/absence), obtained 

from fish community surveys from 2015 to 2018 (Curry unpublished), were used to 

validate modelling output on both modelled spatial scales (i.e., micro-and mesoscale, see 

Table 5). At each site (N= 189), flow velocity and water depth values were extracted 

from the hydrodynamic model at a discharge of 425 m3s-1, representing similar flow 

conditions during fishing, and combined with recorded dominant substrate grain size 

(i.e., modified Wentworth scale) and cover categories (i.e., presence/absence). These 

physical habitat parameters were used as input in the fuzzy logic based biological model. 

Habitat suitability values were calculated, for each expert and for each site considering 

habitat requirements for each fish assemblage on the micro- and meso scales. Sites were 

split into presence and absence categories, depending on the occurrence of indicator 

species. Since assumptions for normality were not met, a Wilcoxon-rank sum test was 

used as a non-parametric alternative to the two sample Student’s t-test, to test for 

differences in habitat suitability predictions between presence and absence sites. All 
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analyses were completed in R (version 3.6.0; R Core Team 2019) within the R Studio 

(Version 1.0.143 - ©2009-2016 RStudio, Inc.) environment. 

5.4. Results 

5.4.1. Quantifying the uncertainty in habitat metrics 

5.4.1.1 Patterns and uncertainty assessment in hydro-morphologic unit simulation 

Hydraulic thresholds defined by experts indicated clearly discernable areas in the v-d 

field (Figure 5.6). Highest degree of membership (DM > 0.5, average over all experts) 

occurred at velocities < 0.42 m s-1 in combination with depths > 2.2 m or < 1.60 m for 

pool and slackwater habitat, respectively (Figure 5.6). Run habitat was classified by our 

experts at depths > 1.0 m and velocities > 0.52 m s-1, while model elements < 0.40 m and 

velocities > 0.55 m s-1 were grouped as riffle habitat (Figure 5.6). Velocity and depth 

ranges that were not covered by these thresholds were grouped into the transitional 

boundary zone (e.g., Figure 5.1; for dispersion in expert judgment associated to defined 

hydraulic thresholds, see Figure S2 in Appendix 3). The fuzzy hydraulic thresholds were 

applied to the hydrodynamic model of the Saint John River to visualize the distribution 

of HMUs for eight discrete flow values (e.g., see Figure 5.1 for summer discharge, 425 

m3 s-1). 

While detailed analyses of the spatial configuration of HMUs is beyond the scope of this 

article, clear patterns were observed (Figure 5.1 and Figure 5.5). The first kilometers 

downstream of the MGS were mainly dominated by run habitat in combination with 

coarse substrate, whereas the side channel habitat mainly consisted of slow flowing 
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environments such as slackwaters and pools. The downstream end of the study area was 

characterized by an increased channel width and dominance of pool habitat. With an 

increase in flow from 425 m3 s-1 to 990 m3 s-1 and 1275 m3 s-1, proportions of total wetted 

area shifted from pool dominance (38 to 28 and 21%) to run (12 to 35 and 46%) 

dominated habitat, with transitional boundaries mainly consisting of pool-run and pool-

slackwater habitat (Figure 5.5). In contrast, the total proportion of slackwater habitat 

initially dropped from 31% to 11% with an increase in flow, followed by a gain in area 

to 16% at 1275 m3 s-1 (Figure 5.5). 

5.4.1.2 Uncertainty assessment in habitat suitability prediction 

Variability in expert judgment differed between fish assemblages and spatial scales. The 

AC2 agreement coefficient of all experts on all suitability rules ranged from 0.39 

(limnophilic assemblage) to 0.59 (rheophilic assemblage) on the micro-scale and 0.32 

(eurytopic assemblage) to 0.55 (rheophilic assemblage) on the meso-scale (see Table S5 

in Appendix 3 for details). Dispersion among expert judgment on single suitability rules 

is summarized in Figure 5.7 (see Tables S6 to S13 in Appendix 3 for details). In general, 

median values for Leik’s D and Eik’s A were higher for meso-scale as compared to 

micro-scale suitability rules for each of the three fish assemblages, indicating a higher 

level of consensus among experts for the meso- scale assessment. Differences between 

fish assemblages for both agreement metrics were minor, with highest consensus on 

suitability rules for rheophilic species. 

Relative importance of habitat variables on dispersion in expert judgment (sd-HSI) was 

assessed based on boosted regression tree models (Table 5.3). For eurytopic and 
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limnophilic fish assemblage predictions at the microhabitat scale, dispersion among 

experts (sd-HSI) was mainly influenced by flow velocity with a relative variable 

importance of 54.4 and 75.1%, respectively, with substrate size class and water depth of 

smaller influence (Table 5.3). Substrate size class had the largest influence on sd-HSI for 

rheophilic species (57.5%; Table 5.3). When evaluating meso-scale models, water depth 

had the largest influence on differences in expert opinion for each fish assemblage 

(Table 5.3), whereas the relative importance of flow velocity was much reduced, mainly 

due to the fact that in the meso-scale assessment, the number of velocity categories was 

reduced from four classes to a binary decision between fast or slow conditions (Table 

5.1). Substrate size class had relatively consistent importance on dispersion of the expert 

opinion across fish assemblages (Table 5.3). Adding the presence or absence of cover as 

a fourth habitat variable also contributed to disagreement in expert judgment explaining 

approximately from 15% to 30% of the dispersion of opinion for different fish 

assemblages (Table 5.3).  

 

5.4.1.3 Patterns and uncertainty assessment in habitat rating curves 

For the eurytopic assemblage, the overall trend in HHS was a linear decrease with an 

increase in flow both on the micro- and meso-scale, but the decline was more 

pronounced on the microhabitat scale (Figure 5.8). For the fish species belonging to the 

rheophilic group, the HHS curves showed an initial sharp increase in habitat suitability 

with an increase in flow, followed by a plateau at high discharge conditions, beyond 

which habitat suitability declined at both scales of assessment (Figure 5.8). The 
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limnophilic species showed an opposing trend to the rheophilic assemblage, where a 

decrease in habitat suitability was predicted as flows increased from the low to medium 

ranges (Figure 5.8). For the microhabitat level of assessment, a positive response to 

increasing flows and habitat suitability was predicted as flows further increased from 

medium to high flows (Figure 5.8). Overall, there was an overlap in HHS predictions 

between the two assessed spatial scales, with a general higher suitability of habitat on 

the micro-scale (Figure 5.8). 

Uncertainty in habitat rating curves for fish habitat assemblages resulted from the 

combined variation in expert judgment and the systematic error of the hydrodynamic 

model which is presented in Figure 5.8. While the error was systematically largest in 

lower flows stemming from the performance of the hydrodynamic model, inclusion of 

the error rates of estimated flow velocity into the fuzzy logic modelling framework 

added only a marginal increase in variability around HHS curves (Figure 5.8). Overall, 

the computed confidence intervals indicated that the highest proportion of uncertainty 

was attributable to the variation in expert judgment for each fish habitat assemblage 

(Figure 5.8).  

In addition to the relationship between discharge and HHS that was shown to result in 

contrasting effects for the investigated fish assemblages in the lower Saint John River 

downstream of the MGS (Figure 5.8), also the distribution and availability of high-

quality habitat in the study reach showed distinct patterns for each assemblage. For 

example, at characteristic low flow conditions (i.e., simulation at 425 m3 s-1; see Figure 

5.9), high suitability classes were predicted to be distributed throughout the study area 

for the eurytopic assemblage representing a broad tolerance in habitat conditions (Figure 
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5.9). This was in contrast to the rheophilic assemblage for which the high habitat 

suitability was mainly associated to run habitat and was distributed accordingly (Figures 

5.1 and 5.9). The prime habitat for species within the limnophilic group was predicted to 

be associated with the slow flowing areas in the side channels (Figure 5.9).  

Combining the habitat rating curve with the discharge time series revealed that the 

habitat availability for the eurytopic species was predicted to be relatively constant 

throughout the open water season with a significant drop in habitat suitability during 

high spring flows (Figure 5.10). A similar trend was observed for the limnophilic 

assemblage; however, there was a stronger fluctuation in HHS values as compared to 

habitat generalists and a generally smaller magnitude of available habitat (Figure 5.10). 

The rheophilic group showed an opposite trend, with highest hydraulic habitat suitability 

during periods with high flows (i.e., spring and fall; Figure 5.10).  

5.4.2 Model evaluation 

5.4.2.1. Hydro-morphologic unit simulation 

Map comparisons between HMUs derived from field surveys and hydrodynamic 

modelling simulations indicated that similarities of HMUs between the two mapping 

approaches were high for run and slackwater habitat irrespective of flow, with values 

ranging from 0.73 to 0.91, indicating a good predictive performance (Table 5.4). 

Similarity for pool habitat was high at low flows (i.e., 0.87) but decreased at medium 

and high flows (i.e., 0.64 and 0.50, respectively; Table 5.4). Riffle habitat represented 

less than 1 % of the total wetted area for all modelled flows (Figure 5.5) and was not 
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mapped consistently during field surveys. Consequently, riffle habitat was not included 

in map comparisons.  

5.4.2.2 Habitat suitability modelling 

Habitat suitability model performance was evaluated on both spatial scales by 

comparing the model HSI results between sites with and without indicator species of 

target fish assemblages. A comparison of model predictions and occurrence of indicator 

species at N=189 surveyed sites are presented in Table 5.5. Habitat suitability was 

predicted to be better in sites where each of the target species was present as opposed to 

vacant sites with very few exceptions (Table 5.5). For the eurytopic assemblage, 

Wilcoxon-rank sum test showed that average habitat suitability of presence sites was 

significantly higher for American eel (micro-scale, W= 3826.5, p < 0.05) and 

Smallmouth bass (micro-scale, W= 4092, p < 0.05; meso-scale, W= 3867, p  < 0.05). In 

addition, when applying the habitat criteria of the limnophilic assemblage to members of 

the eurytopic group, suitability was significantly better in occupied sites for Brown 

bullhead (micro-scale, W= 3416, p < 0.05), Pumpkinseed sunfish (W= 2128.5, p  < 0.05) 

and Yellow perch (micro-scale, W= 3252.5, p < 0.05) (Table 5.5). Furthermore, average 

habitat suitability of presence sites was significantly higher for Banded killifish (micro-

scale, W= 3200, p < 0.05) representing the limnophilic group, and Atlantic salmon 

(micro-scale, W= 583, p < 0.05; meso-scale, W= 595, p < 0.05) representing the 

rheophilic assemblage (Table 5.5).  
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5.5 Discussion 

In this paper, we have proposed a habitat modelling framework where issues in spatial 

scale, community-level assessment of biota, and uncertainty in parameterization of the 

biological and hydrodynamic components of habitat suitability models were addressed. 

We developed a supervised classification method to delineate and map HMUs using 

fuzzy logic and simulations of a 2D-hydrodynamic model. A fuzzy logic approach was 

applied to parameterize the habitat requirements of three fish habitat assemblages at the 

micro- and meso-scale. Variability in expert judgment was used as a metric to quantify 

uncertainty of the biological modelling component, while systematic errors of velocity 

predictions were incorporated to represent uncertainty of the hydrodynamic component.  

5.5.1 Hydro-morphologic unit simulation 

The analysis of spatio-temporal changes of meso-scale habitat patches represents an 

important step for a comprehensive analysis of fish habitat conditions. Patterns in flow 

velocity and water depth can be used to analyze the availability and heterogeneity of 

hydraulic habitat over multiple scales (Hauer, Mandlburger, and Habersack 2009; 

Wyrick and Pasternack 2014). The classification system presented in this paper is easy 

to apply and flexible in terms of customizing the number of classes for velocity and 

depth as well as habitat types and their respective hydraulic thresholds to be more 

specific to the river of interest. This can be useful when the method is being transferred 

to other river systems. Furthermore, hydro-morphologic units can be predicted for a 

range of flows, even under non-wadable conditions, which can be especially useful for 

mesohabitat studies in large rivers. Most importantly, the definition of hydraulic 
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thresholds by multiple experts using fuzzy logic allows to infer a metric of uncertainty in 

2D model estimation accuracy on HMU designation and consequently increases 

transparency and objectivity (Legleiter and Goodchild 2005; Wyrick et al. 2014). The 

river is mapped as a continuum rather as an assemblage of discrete habitat types, which 

allows to assign transitional boundary layers to areas that have a lower probability of 

belonging to a specific HMU. However, supervised classification systems based on 

fuzzy threshold values are still characterized by some degree of subjectivity. 

Unsupervised classification systems such as k-means clustering (Hugue et al. 2016; Farò 

et al. 2018) or fuzzy c-means clustering (e.g., Legleiter and Goodchild 2005; Wallis et 

al. 2012) circumvent this problem and represent a promising tool in future meso-scale 

habitat assessment (Wegscheider, Linnansaari and Curry 2020; [Chapter 2]; O'Sullivan 

et al. 2020). 

Overall, similarity between mapped and simulated HMUs at low, moderate, and high 

discharge conditions indicate a good predictive modelling performance. Only pool 

habitat showed a higher rate of mismatches at moderate (0.64) and high flows (0.50), 

which suggests an adaptation of hydraulic thresholds for this habitat type is required. 

Expert group consensus and dispersion in expert judgment can yield helpful support in 

optimizing a classification scheme based on hydraulic thresholds. In conclusion, the 

presented habitat classification system represents a promising approach in river 

management and monitoring. 
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5.5.2 Habitat suitability modelling 

It is logical that selecting experts for fuzzy logic models should reflect their 

understanding and experience with the local fish community and habitats (Mocq et al. 

2015). Despite selecting fish biologists that were all familiar with the Saint John River 

and its fish community, it was informative that expert opinion varied significantly 

regarding both habitat criteria and spatial scale of assessment. For both the micro- and 

meso-scale, agreement between experts was highest for the rheophilic assemblage with a 

calculated AC2 measure of 0.59 and 0.55 for the two scales, respectively. Both values 

can be considered as a moderate agreement among the raters. Uncertainty for the other 

two target assemblages was higher as compared to the rheophilic group at both spatial 

scales. Fuzzy rules for all fish assemblages reached higher consensus at the meso-scale, 

indicating that the definition of HMUs facilitated interpretation of habitat requirements.  

There are several potential factors that could influence dispersion in expert judgment. 

First, selected habitat parameters were perceived to have different impact on habitat 

suitability. Relative importance of habitat variables, resulting from the boosted 

regression tree model, varied depending on the spatial scale and fish habitat assemblage. 

At the micro-scale, our findings suggest that particularly the definition of flow velocity 

preferences was more susceptible to disagreements than other parameters. These 

conclusions are in line with findings from Radinger et al. (2017), who reported that in 

comparison to water depth, flow velocity had a bigger influence on dispersion in expert 

judgment. However, one should consider that reducing the number of velocity classes 

for the meso-scale analysis, also reduced its influence on differences in expert opinion. 

Furthermore, prior studies found that the experts’ perception of intermediate habitat 
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conditions between highly suitable and unsuitable habitat strongly varies (Radinger et al. 

2017). In other words, experts agree in what is considered being poor- and high-quality 

habitat but have low consensus in defining areas in between. This trend could partially 

be observed in the current study. In general, the agreement between the 15 experts was 

low and reached complete consensus (i.e., 1- Leiks D is 1.0) only when evaluating 

combination of habitat parameters that were considered to result in poor habitat 

conditions (see Tables S7 to S12 in Appendix 3). Despite the lower number of velocity 

classes at the meso-scale (i.e., two instead of four classes), the addition of the presence 

and absence of cover as a fourth habitat parameter involved introducing a further source 

of uncertainty in expert judgment, which highlights that uncertainty assessment is 

critical in adapting and modifying existing modelling frameworks.  

In addition to the introduction of error by variation in expert judgment, we also 

considered error resulting from data deficiency in the hydrodynamic model (Barry and 

Elith 2006). This is an important step in eco-hydraulic applications because error is 

inherently incorporated in both the biological and hydrodynamic components of habitat 

modelling. We applied a post-hoc correction factor that varied with discharge in the 

hydrodynamic model. The resulting habitat rating curves were contrasted to the original 

predictions, and the error terms that were incorporated were higher for the lower than the 

high flows. It must be understood, however, that validation of the hydrodynamic model 

using an Acoustic Doppler Current Profiler is increasingly more difficult at the low than 

the high flows due to the increased difficulty to accurately measure flows at lower water 

depths. This means that the increased error at lower flows may be an artefact of the 

difficulty of obtaining good quality validation data rather than a true reflection of the 
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hydrodynamic model performing more poorly at the lower flows. However, even if this 

could have been the case, incorporating higher error margins gives options to use more 

conservative estimates for management, and increases the probability that the true values 

are captured within the confidence limits. If discharge time series data are not readily 

available to predict changes in habitat quality over time, then modeled flow data relying 

on close-by hydrometric stations can be used instead -  another step that introduces a 

source of uncertainty into the modelling framework. Regardless, accounting for 

uncertainty in discharge predictions is important and it is particularly critical when 

evaluating future regulated or climate induced changes in the flow regime of regulated 

rivers (Wegscheider et al. Submitted; [Chapter 6]). 

Overall, the uncertainty in predicted habitat-discharge relationship for each fish 

assemblage resulted mainly from variability in expert judgment (i.e., biological model) 

as compared to systematic error in the hydrodynamic model. In general, meso-scale and 

micro-scale predictions showed similar trends, with the former being slightly more 

conservative in terms of predictions for habitat availability. Including cover as a fourth 

habitat variable also influenced expert judgment and makes a direct comparison between 

micro- and mesoscale models challenging. It is well established that cover can have 

major effect on fish presence/absence and quantity (e.g. Smokorowski and Pratt 2007; 

Lusardi et al. 2018), and therefore incorporating meaningful habitat variables is 

important even if it comes at a cost of increased uncertainty.  

Our results demonstrate that additional field data on habitat requirements are always 

needed to improve accuracy of model outcomes, including expert data in the fuzzy rules 

and membership functions. Modelling platforms such as Meso-CASiMiR that were used 
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herein, were effective tools because these allow the easy use of biological information in 

both imported suitability curves and expert knowledge in fuzzy logic format. Habitat 

time series assessments, i.e., flow-habitat relationships and maps, are critical data 

required for effective environmental flows determination and contrasting of different 

management scenarios (Stamou et al. 2018). Our habitat time series models that 

included a multi-species, fish assemblage approach revealed the contrasting changes in 

habitat quality and competing needs among fish assemblages during key bio-periods, 

highlighting the need to include specific life history strategies, such as spawning and 

nest building into the evaluation process of environmental flows for the SJR (Monk et al. 

2018). Such contrasting needs will make future environmental flow determination 

challenging if the environmental flow regime is to drastically deviate from the natural 

hydrograph of the studied area. Therefore, societal decision-making becomes an 

important step in the environmental flow process (see e.g., Poff et al. 2010) especially in 

hydropower-regulated rivers where the hydropower company, or societal consensus on 

flow rates and times, may ultimately determine the physical template for species 

assemblage composition by dictating suitable flow conditions for favored fish 

assemblages. 

We recognize that there are obvious limitations to this and any habitat modelling 

approach. Flow velocity, water depth, dominant substrate particle size, and instream 

cover are only a sample of a complex suite of physical and ecological factors that control 

the occurrence and habitat use of fishes in rivers. For example, results could be 

improved by adding sub-models that include the effect of river temperature on thermal 

habitats (Dugdale et al. 2017; Wilbur et al. 2020). Furthermore, our models estimate the 
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suitability of the regulated reach in form of metrics such as WUA/HHS as a function of 

discharge and do not predict abundance or biomass of fish species. Linking population 

models that produce a metric of abundance or density of a species (e.g., Hedger et al. 

2013) with habitat models which quantify metrics of habitat quality, represent a 

promising approach in river management (e.g., Adeva-Bustos et al. 2019). However, 

evidence on linkages between these metrics is widely debated and depends on a myriad 

of external controls such as biological interactions or life history strategies (Railsback 

2016). For instance, temporal changes in habitat use due to seasonal (Schwartz 2016;  

Cunjak 1996) or diel (Davey et al. 2011; Wegscheider, Linnansaari, Wall, et al. 2020; 

[Chapter 3]) variation represent a source of uncertainty that needs to be incorporated in 

models or when making inferences based on expert judgment. We only considered 

habitat requirements during the open-water season and did not ask experts to include 

habitat needs for overwintering (i.e. ice-cover) or spring flood season in their decision 

process, and neither did we consider differences in habitat needs associated with a 

species life history. While not specifically being defined as a unique habitat assemblage, 

we observed that small-bodied species or juvenile life stages of a species were mainly 

associated to the limnophilic group, suggesting that slackwater and pool habitat 

represents suitable nursery grounds (Wegscheider et al. 2020; [Chapter 4]). This 

circumstance was considered by our experts when defining habitat requirements for the 

limnophilic group. 

In conclusion, expert-based, fuzzy logic models developed in this study provide a 

flexible classification of meso-scale HMUs and describe baseline habitat requirements 

of fish assemblages in the main stem of the large, flow regulated river. The habitat 
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modelling framework included uncertainty assessments and can be easily adopted for 

rivers worldwide. Data applicable to ecohydraulic questions are typically limited for 

most rare and imperilled species. Nevertheless, river management decisions must be 

made even in situations where the empirical information is lacking to avoid the so-called 

“paralysis-by-analysis”. Aging river infrastructure such as the MGS in our river system 

represent an ecological and societal issue that affects rivers worldwide (Poff and Olden 

2017), and habitat models can serve as an important tool in evaluating future 

management scenarios (Curry et al. 2020). 
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Table 5.1 Physical habitat variables and their respective categories for which 15 experts 

defined threshold values in the fuzzy logic CASiMiR model for the two levels of 

assessment. 

  Categories 

  Micro-scale  Meso-scale 

Input variables    

Flow velocity  Slow/Medium/Fast/Very Fast Slow/Fast 

Water depth  Shallow/Medium/Deep Shallow/Medium/Deep 

Substrate particle size  

Very Small/ 

 Small/Medium/Large 

Very Small/ 

Small/Medium/Large 

Cover  - Presence/Absence 

Output variable    

Habitat suitability index  Low/Medium/High Low/Medium/High 
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Table 5.2 A decision tree using fuzzy rules to delineate four hydro-morphologic units 

(HMU) in the Saint John River. Numerical thresholds for defining ranges for the depth 

and velocity classes was undertaken independently by the 15 experts. 

Rule # IF AND THEN 

 Depth Velocity HMU 

1 shallow slow Slackwater 

2 shallow fast Riffle 

3 medium slow Slackwater 

4 medium fast Run 

5 deep slow Pool 

6 deep fast Run 
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Table 5.3 Relative variable importance (%) of micro- and mesoscale habitat parameters 

on dispersion in expert judgment (sd-HSI) based on boosted regression tree models. V = 

water velocity; D = water depth; S = substrate size; C = cover. Number in bold within 

each assemblage-habitat scale group indicates the habitat variable with highest 

dispersion. 

Spatial scale Habitat variable Variable importance [%] by fish assemblage 

  Eurytopic Rheophilic Limnophilic 

Microhabitat V 54.4 27.6 75.1 

 D 9.1 14.9 1.7 

 S 36.5 57.5 23.2 

     

Mesohabitat V 3.9 7.9 4.2 

 D 58.7 35.3 47.4 

 S 22.5 26.5 22.2 

 C 14.9 30.3 26.2 
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Table 5.4 Map comparison between field-derived and model-simulated classification of 

HMUs under variable discharge conditions. Average similarity ranging from 0 (i.e., no 

similarity) to 1 (i.e., high similarity) indicates the predictive performance of the model 

for each HMU. Riffle habitat was not consistently mapped and was not used in the 

comparison. 

HMU Low flow Medium flow High flow 

Pool 0.87 0.64 0.50 

Riffle - - - 

Run 0.91 0.84 0.80 

Slackwater 0.73 0.77 0.88 
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Table 5.5 Selected indicator fish species (N=9) with their a priori assigned fish 

assemblage and the associated habitat suitability predictions (mean for all 15 experts; 

range from 0 to 1) on the micro- and mesoscale (first and second row within each 

species, respectively) at surveyed fishing sites, grouped according to the occurrence 

(Presence/Absence; P/A; N=189). Scale/Fish assemblage combinations with a 

significantly higher mean habitat suitability for the presence compared to the absence of 

an indicator species are highlighted in bold. Suitability was given for the assemblage to 

which each species had been assigned based on a previous study (Wegscheider et al. 

2020; [Chapter 4]) but also indicated in the table if a better habitat suitability was 

predicted for the species as a member of another assemblage. 

Assigned 

Assemblage 

Scale Indicator species P/A  Eurytopic Rheophilic Limnophilic 

E
u

ry
to

p
ic

 

Micro American  

eel 

101/88 0.52/0.43   

Meso Anguilla rostrata 0.53/0.47   

Micro Brown bullhead 50/139 0.47/0.48  0.52/0.44 

Meso Ameiurus 

nebulosus 

 0.53/0.50   

Micro Pumpkinseed 

sunfish 

35/154 0.48/0.48  0.53/0.44 

Meso Lepomis gibbosus  0.47/0.51   

Micro Smallmouth bass 123/66 0.50/0.44   
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Meso Micropterus 

dolomieu 

 0.54/0.44   

Micro White sucker 100/89 0.49/0.47   

Meso Catostomus 

commersonii 

 0.52/0.49   

Micro Yellow perch 105/84 0.49/0.47  0.52/0.39 

Meso Perca flavescens  0.52/0.49   

L
im

n
o
p
h
il

ic
 

Micro Banded killifish 53/136   0.51/0.44 

Meso Fundulus 

diaphanus 

 0.49/0.51  0.38/0.37 

Micro Four-spined 

stickleback 

45/144   0.49/0.45 

Meso Apeltes quadracus  0.44/0.53  0.34/0.38 

R
h
eo

p
h
il

ic
 

Micro Atlantic salmon 9/180  0.38/0.18  

Meso Salmo salar   0.31/0.17  
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Figure 5.1 Study area downstream of the Mactaquac Generating Station (MGS) on the 

Saint John River, New Brunswick with available hydro-morphologic units (HMUs) 

based on fuzzy logic and hydraulic modelling predictions under summer flow conditions 

(Q= 425 m3s-1). The transitional boundary zone (yellow areas) represents the gradual 

transition between habitat types. ADCP transect measurements are presented as red lines 

(S1 -S14). 
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Figure 5.2 Schematic illustration of the habitat modelling framework. Water depth (dep), 

depth-averaged velocity (vel) and hydro-morphologic units (HMU, combination of dep 

and vel on the meso-scale) based on 2D-hydrodynamic simulations, combined with 

dominant substrate particle size (sub) and cover (cov) as additional mapped habitat 

parameters. 
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Figure 5.3 Example of fuzzy membership functions for a) flow velocity and b) habitat 

suitability. In the workflow used in the study, each expert defined numeric thresholds for 

different levels of verbal “qualifiers” (e.g., low, medium, high) using trapezoidal, 

partially overlapping membership functions. The overlapping, uncertain area (i.e., the 

gray area in the figure) represents the range in the variable that belongs, in part, to two 

different categories and therefore, is considered “fuzzy”.   
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Figure 5.4 Flow duration curve of a discharge time series from 2015 to 2018 at the MGS 

gauging station. Dashed vertical lines represent modelled discharge scenarios. The two 

lowest modelled flows (i.e., historic low flow pre-MGS at 35 m3 s-1 and contemporary 

operational low-flow at 65 m3 s-1) were both exceeded by minimum discharge during 

2015 to 2018 and are thus not correctly represented by the exceedance metric on the y 

axis. Black triangles indicate average discharge during ADCP validation measurements. 

Red band: range of flows during field mesohabitat mapping at low flows (134- 795 m3 s-

1), green band: range of flows during field mapping at moderate flows (264- 1370 m3 s-1) 

, grey band: range of flows during field mapping at high flows (2893- 5953 m3 s-1). 
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Figure 5.5a) Percent change of total wetted area and kernel density estimates of velocity 

and depth distributions for hydro-morphologic units downstream of the MGS for b) low 

(425 m3s-1), c) moderate (990 m3s-1) and d) high (1275 m3s-1) flow conditions extracted 

from the 2D hydrodynamic model 
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Figure 5.6 Mean degree of membership (mean-DM) of hydraulic variable combinations 

(i.e. water depth and flow velocity) to different HMUs. a= Pool, b= Riffle, c= Run, d= 

Slackwater 
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Figure 5.7 Dispersion among expert judgment on single suitability rules for eurytopic, 

limnophilic and rheophilic fish assemblages on the meso- and micro- scale. 1-Leik’s D 

ranges from 0 (perfect disagreement) to 1 (perfect agreement). Van Eijk’s A ranges from 

-1 (perfect bimodality) over 0 (perfect uniformity) to 1 (perfect unimodality 

=agreement). 
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Figure 5.8 Habitat rating curves (yellow lines) for fish habitat assemblages (i.e., top 

panel= eurytopic assemblage, middle panel= rheophilic assemblage, bottom panel= 

limnophilic assemblage) on the meso- and microscale with associated 95 % confidence 

interval aggregating from the uncertainty in hydrodynamic model and expert judgment 

of 15 experts. The upper correction (HHS + CF) corresponds the red band whereas the 

lower correction (HHS – CF) corresponds to the blue band. 
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Figure 5.9a) Mean daily flows (m3 s-1) for a characteristic year under regulated present-

day conditions at the MGS. The grey band represents the typical summer low flow 

period. b) Habitat suitability maps for fish habitat assemblages for typical summer low 

flow conditions (425 m3s-1) on the micro- and mesoscale. Left panels represent meso-

scale and right panels micro-scale predictions. Top panels represent the eurytopic 

species, middle panels the rheophilic species and bottom panels the limnophilic species
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Figure 5.10 Habitat time series for SJR fish habitat assemblages. HHS estimates (black 

line) with associated 95 % confidence interval (grey band) resulting from the input of 15 

fish experts. Left panels represent meso-scale and right panels micro-scale predictions. 

Top panels represent the eurytopic group, middle panels the rheophilic group and bottom 

panels the limnophilic group. 
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6.1 Abstract 

The expansion of hydropower in combination with the already existing infrastructure 

and a changing climate are significantly influencing the world’s rivers. The resulting 

alteration in flow regimes is expected to strongly affect fish habitat and associated fish 

communities both spatially and temporally. Using habitat modelling, this study 

identified habitat bottlenecks during the critical summer low flow period and fish 

assemblages that will be most susceptible to regulated and hydro-climatically driven 

flow regimes in the Saint John River downstream of the Mactaquac Generating Station. 

Expert knowledge-based habitat models were applied at the micro- and meso-scale to 

evaluate the influence of spatial mesh resolution on resulting habitat suitability indices. 

Dam renewal and removal scenarios predicted low habitat suitability for rheophilic fish 

species, particularly during prolonged low flow periods in dry years. Limnophilic and 

eurytopic fish assemblages were not expected to be limited in habitat conditions. 

Upscaling detailed, high resolution models to the meso-scale did not result in significant 

changes of predicted habitat metrics for any assemblage. Overall, the proposed 

modelling approach represents a promising tool to support the development of 

environmental flows in large regulated rivers that face challenges with aging 

infrastructure and a changing climate. 
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6.2 Introduction 

Balancing hydropower and biodiversity represents a global challenge in river 

management and conservation (Poff et al., 2007; Winemiller et al., 2016). Considering 

the world’s growing population, there is a need to address increasing energy demands 

but the apparent decline in freshwater biodiversity (Darwall et al., 2018; He et al., 2018) 

highlights the obligation to mitigate environmental impacts. The deleterious effects of 

flow regime alteration and habitat fragmentation on the structure and health of fish 

assemblages has been well established (Macnaughton et al., 2016; Lima et al., 2017). 

For example, Mims and Olden (2013) have shown how dams affect downstream fish 

communities by selecting for generalist life histories and against fluvial specialists 

adapted to fast-flowing water. River habitat modelling has emerged as a prominent tool 

to evaluate the effect of hydromorphic disturbance on aquatic and riparian organisms 

(Dunbar et al., 2012; Linnansaari et al., 2013). Aquatic habitats are defined by the 

physical template on which biota have adapted and magnitude, frequency and 

predictability of temporal variation are fundamental components to sustain biodiversity 

and ecological integrity in the system (Southwood, 1977; Poff & Ward, 1990). In 

flowing waters, habitats can be modelled from physical attributes of the channel and 

hydraulic characteristics of the flow (Bovee et al., 1998; Borsányi et al., 2004). Patterns 

in flow velocity and water depth over wetted areas are used to analyze the availability 

and heterogeneity of hydraulic habitat over multiple spatial scales and are subsequently 

joint with other important habitat parameters (e.g. dominant substrate particle size or the 

presence of cover). Traditional approaches use modelling at the microhabitat scale (10-2-

100 m, Dunbar et al., 2012; Melcher et al., 2018), but a mesohabitat scale (100-102 m) 
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with hydromorphic units has proven useful in larger systems (Habersack et al., 2014; 

Gurnell et al., 2016). Increased computational capacity has made the use of detailed 

reach-scale hydrodynamic models possible, making simulations across various flow 

rates a useful management tool (Tonina & Jorde, 2013; Fleischmann et al., 2019).  

A key challenge in large rivers has been finding modelled solutions for the more 

complex matrix of habitat associations and multiple fish species in seasonal 

environments (Schwartz, 2016; Wolter et al., 2016). Large rivers usually host a diverse 

fish fauna, raising the need to gravitate from species-specific habitat modelling to 

community-level approaches, based on either habitat use (i.e. habitat guilds; Vadas & 

Orth, 2000; Pegg et al., 2014) or life history strategies (Schwartz, 2016; Wolter et al., 

2016). In contrast to the well-studied effect of hydrodynamic patterns on fish 

assemblage structure (Macnaughton et al., 2017; Radinger et al., 2018), the extent to 

which spatio-temporal dynamics of available habitat have affected fish communities 

remains poorly addressed. Capra et al. (1995) and Parasiewicz (2008) developed 

metrics, based on habitat time series analysis, to identify the duration and magnitude of 

habitat limiting conditions during defined bioperiods (e.g. spawning or rearing and 

growth period). However, the identification of habitat limiting bottlenecks has typically 

focussed on single or a small group of species (e.g. salmonids, Adeva-Bustos et al., 

2019), and the influence of flow and hydro-climatically driven changes in habitat 

conditions on fish assemblage responses has yet to be analysed. Furthermore, the spatial 

resolution required to analyse flow-habitat relationships (i.e. micro-vs meso-scale) 

remains an open issue in ecohydraulic studies (Habersack et al., 2014).  
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Low flow conditions during summer months, which create lower velocities and depths 

represent extended duration of critical period, particularly for cold-water adapted 

rheophilic species (Bradford & Heinonen, 2008), and affect water quality, sediment 

deposition and temperature (Caissie, 2006; Olden & Naiman, 2010; Rolls et al., 2012). 

The frequency and magnitude of such events is expected to be altered as a response to 

climate change, thus strongly affecting freshwater fish communities (Jarić et al., 2019). 

Although fish assemblages or guilds represent important ‘building blocks’ in river 

management (e.g. Vadas & Orth, 2000), empirically derived habitat use data for large 

rivers are lacking, and are often only available in the form of qualitative expert 

knowledge. Expert judgment, incorporated in fuzzy logic models, has shown to be a 

suitable method in informing river managers regarding changes in habitat availability 

and quality (Ahmadi-Nedushan et al., 2006; Mocq et al., 2013). Coupling expert 

knowledge based fuzzy models with high resolution hydrodynamic models might help to 

identify the assemblages most susceptible to habitat limitation during the summer low 

flow period in large regulated rivers. 

In addition to detrimental effects of hydropower on rivers and a global boom in the 

construction of dams (Zarfl et al., 2015), there are also concerns regarding the future 

maintenance of installed infrastructure, as many dams approach the end of their service 

life (Poff & Hart, 2002; Poff & Schmidt, 2016). Consequently, there is an increased 

effort to develop mitigation strategies in fish passage and flow regulation to update and 

modernize facilities (Rahel & McLaughlin, 2018), as well as exploring ways of habitat 

restoration via the removal of dams (Poff & Hart, 2002; East et al., 2015). The 

Mactaquac Hydroelectric Generating Station (MGS, New Brunswick, Canada), located 
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on the Saint John River (SJR), is Canada’s 25th largest dam and it is reaching the end of 

its service life. An elaborate review process has been developed, weighing options to 

rebuild, renew or remove the facility (Curry et al., in press). Each of these alternative 

future management options would result, in combination with climate induced changes, 

in a new normal with regard to the lower SJR’s flow regime. 

Here, we examined the relationships between fish habitat assemblages and predicted 

indices of habitat availability (i.e. hydraulic habitat suitability, HHS) across spatial and 

temporal scales using proposed future regulated and hydro-climatically driven changes 

in flow regime of the large, regulated SJR as a case study. Fish habitat assemblages 

included rheophilic, limnophilic and eurytopic species and are described in full detail in 

Wegscheider et al. (2020; [Chapter 4]). Specifically, the objectives of the current study 

were to: i) characterise flow regimes representing the proposed alternative future 

management scenarios of the Saint John River (New Brunswick, Canada); ii) identify 

potential habitat bottlenecks during the rearing and growth bioperiod (i.e. low flow 

summer period) as well as assemblages that are most impacted by changes in duration 

and frequency of stress events; and iii) compare predicted responses of fish assemblages 

at two discrete levels of assessment (i.e. micro- vs meso-scale). 

6.3 Methods: 

6.3.1 Study Area 

The Saint John River (Wolastoq) is the second longest river (after the St. Lawrence) in 

eastern North America (55,000 km2). The upper sections of the SJR are mostly 

characterised by single thread channels with substrate comprising large boulders, 
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alluvium, and bedrock, and geomorphologically delimited by step-pools, rapids, dead-

waters, riffles, and runs (Cunjak and Newbury, 2005). The mid to lower sections flow 

through the Maritime Plains physiographic unit, a Carboniferous paleo-river valley 

(Rampton et al., 1984). In this section, the river assumes a more gentle character, and the 

main stem fluxes from single thread to anabranched channels with islands. Several dams 

exist in the catchment, and sediment is being trapped by the relatively large main stem 

reservoirs, especially at the Beechwood Generating Station (BGS, 285 river km 

upstream from the river mouth) and to a limited point at the MGS (150 river km 

upstream from the river mouth) (O’Sullivan et al., 2016). The MGS represents, with an 

installed capacity of 672 MW, the largest dam in the catchment and it is approaching a 

premature end of its service life. At the MGS, river discharge averages ~1100 m3/s with 

river widths and depths averaging 750m and 2m, respectively (Kidd et al. 2011). The 

boundary on the focused impact reach was the ~20km reach downstream of MGS to the 

City of Fredericton where the river widens, and the tidal influence intensifies (Figure 

6.1; Curry et al. In press). The hydroelectric facility is operated using a run-of-the-river 

approach, allowing for relatively natural extreme high flows, whereas minimum low 

flows are higher than historical natural flows to maintain attraction flow for fish trapping 

(Monk et al., 2018), and due to logistical constraints when generating power with large 

112 MW generator units without spilling. Extreme low flows typically occur during the 

end of the summer (Monk et al., 2018). The river supports the greatest diversity of 

aquatic plants and animals in eastern Canada, including 15 species at risk (McAlpine 

and Smith 2010). Previous studies assessed the impact of multiple stressors on the fish 
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community in the Saint John River (Curry & Munkittrick, 2005), emphasizing the 

deleterious effects of existing barriers and regulated flows.  

6.3.2 Flow regime 

Quantitative habitat models have the advantage of informing stakeholders and river 

managers about consequences of management scenarios on the riverine environment 

(e.g. changes of critical habitat). This can be particularly valuable in the assessment of 

the predicted flow and habitat impacts of dam construction or modification and for 

future flows in a changing climate. In this study we investigated the following flow 

regimes representing proposed alternative future management scenarios for the Saint 

John River: 

i) Current flow regime representing a “Life-Achievement scenario” of the MGS; 

ii) Environmental flow regime representing a “Dam Renewal scenario”; 

iii) Historic flow regime (pre-MGS) representing a “Dam Removal scenario”;  

iv) Future flow regime representing a “Dam Removal Scenario with climate change 

effects”. 

The current flow regime was described using daily median flow records from 1968 to 

2015 at MGS provided by NB Power (MacNevin, NB Power, unpublished data). The 

dam renewal option recommends managing flows according to the proposed 

environmental flow framework for the Saint John River developed by the Canadian 

Rivers Institute (Monk et al., 2018). Specifically, the framework incorporates seasonal 

and inter-annual hydrologic variability, relevant for aquatic and riparian biota in a 
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holistic context (Monk et al., 2018). Historic daily flow records pre-Mactaquac (i.e. 

1919 to 1967) were collected from the Saint John River at Pokiok gauging station 

(01AK002, Lat: 45°58’00’’ N, Long: 67°14’30’’), compiled in the HYDAT database by 

the Water Survey of Canada of Environment and Climate Change Canada (Environment 

and Climate Change Canada, 2019). A dam removal scenario including projected 

changes in flow due to a changing climate was simulated based on regional climate 

models (RCM) driven by a general circulation model (GCM, Gauvin St-Denis & Huard, 

2015). An ensemble of 11 RCMs/GCM combinations with different greenhouse gas 

emission scenarios (Table 6.1) was selected to represent the variability of simulated 

changes in climate. For a detailed description of future climate projections in the Saint 

John River catchment and selection of RCMs see Gauvin St-Denis and Huard (2015) 

and Dugdale et al (2018). For the purpose of visualizing the flow regimes, each scenario 

is shown as a characteristic annual hydrograph across a hydrological year (i.e. Oct 1st to 

Sept 30th, Figure 6.2). 

6.3.3 Hydrodynamic numerical modelling 

A 2D hydrodynamic numerical model (i.e., Delft3D-FLOW 4.01.00; Deltares, 2013), 

which solves unsteady continuity and Reynolds-averaged Navier-Stokes equations was 

applied to approximately 150 km of the Saint John River from the MGS at the studied 

site to the city of Saint John, NB (NATECH, 2015). A standard approach was applied to 

develop the model, starting with preliminary model setup and grid development, 

followed by calibration and validation. Input data included discharge through the MGS, 

incoming tributary discharges, wind speed and direction, and bathymetric data to 
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estimate depth-averaged water velocities and water level (NATECH 2015). Bathymetric 

data for the model were obtained using single-beam sonar following suggested 

methodologies for Lowrance sonar units (Navico, 2014; Wallace and Gautreau, 2015) 

and validated by Helminen et al. (2019) at the studied site. Bathymetric data were 

merged with riparian zone and island elevation data obtained with provincial LiDAR 

data to create complete coverage from low-water to high-water flood conditions. An 

orthogonal curvilinear grid with 402 502 grid-cell elements was applied to the study 

area, allowing high resolution in the area of interest to best represent the complex river 

form. The computational model was then calibrated by adjusting the model parameters 

until predicted and measured water levels matched using data for the entire dataset in 

2008 (an extreme flood year). To validate the model’s overall performance, Delft3D was 

applied to simulate the flow conditions experienced in 2014 and the resulting water level 

predictions were compared against an independent set of observed data from 2014 

(various Environment Canada gauging stations in the 150 km area downstream) with 

excellent correlation (NATECH, 2015). To further validate the model in the immediate 

study area (i.e., 20 km reach downstream the MGS; Figure 6.1), velocity and discharge 

data were collected using a mobile acoustic Doppler current profiler (ADCP) at 14 

transects in the main channel and between the islands (Figure 6.1) for three 

representative flow ranges; these events were coordinated with the owner-operator of the 

MGS, and the flow rate was held at pre-determined levels during the collection of the 

validation data (low flows 6 and 14 Sept 2017 at 68 – 210 m3s-1; medium flows, 16 Nov 

2017 at 405 – 531 m3s-1 ; high flows, 3 Nov at 1145 – 1790 m3s-1). There are inherent 

inaccuracies associated with field measurements of flow data (e.g., blanking distance at 
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the riverbed, estimations made at the edges of the transects, transect line track, etc.) that 

are most pronounced at the lowest flows. Overall, the hydrodynamic model had an 

estimated error of flow prediction of the high, medium and low flows within 9, 10 and 

18% RMSE respectively (Ndong et al. unpublished). The model was then applied to 

support the fish habitat modelling, simulating velocities and water levels for eight 

discrete flow values, ranging from historic summer low flow (35 m3s-1; i.e., pre-MGS) to 

bankfull discharge (i.e., 4390 m3s-1). 

6.3.4 Habitat suitability modelling 

15 experts, representing research institutions in New Brunswick and Nova Scotia in 

Canada, and Maine in USA were interviewed in individual sessions and defined habitat 

requirements for the rheophilic, limnophilic and eurytopic fish assemblages using a 

fuzzy logic approach (details of fuzzy logic modelling in Chapter 5). All 15 experts held 

at least a university degree in fish ecology or had a comparable applied field knowledge 

on the habitat requirements of riverine fish documented in the Saint John River. 

Resulting fuzzy logic models were used to predict changes in micro- and mesoscale 

habitat availability for fish assemblages.  

Fuzzy sets were defined at two levels of assessment. At the micro-scale, velocity, water 

depth and dominant substrate particle size were selected as input parameters, whereas at 

the meso-scale, cover was added as a fourth variable. The number of classes within 

physical attributes varied between spatial scales and are presented in Table 6.2. Fuzzy 

sets for the categories (i.e. low, medium and high) of the output variable (i.e. Habitat 

Suitability Index, HSI) were predetermined and did not change between the experts. For 
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a detailed description regarding the elicitation of expert knowledge using fuzzy logic as 

well as model validation see Chapter 5.  

Fuzzy sets and rules defined by experts were integrated and treated with the CASiMiR 

software (Computer Aided Simulation Model for Instream Flow and Riparia, Noack et 

al., 2013). To summarize the habitat suitability for the study reach downstream the 

MGS, we calculated for each modelled discrete flow the weighted useable area (WUA, 

Bovee, 1982) as an integration of the HSI values over all cells: 

 

where Ai describes the area of the individual cells and SIi refers to the HSI of that 

respective cell. Next, the hydraulic habitat suitability (HHS) index was computed to 

provide an intuitive dimensionless value of overall habitat quality across the 20 km 

reach. Here, WUA for each discrete flow is divided by the total wetted area and ranges 

between 0 and 1. For each fish assemblage, Generalized Additive Models (GAM) were 

used to fit habitat rating curves (Figure 5.8 in Chapter 5) through multi-expert derived 

WUA values at modelled flows (accounting for non-linear responses; Muñoz-Mas et al., 

2016) , for both micro- and meso-scale simulations: 

 

where g is the link function, E is the expected value, β0 is the intercept, xi corresponds to 

the input variables and si are the smoothing functions. The mgcv R-package (version 1.8; 

Wood 2011) was used to construct GAM-models. The maximum number of knots (i.e. 
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the number of bends of every smooth curve) was restricted to 3 to allow for unimodal 

responses with gaussian link function. 

Habitat rating curves are described in detail in Chapter 5. Briefly, our experts predicted 

for the eurytopic assemblage a linear decrease in HHS with an increase in flow at the 

micro- and meso-scale. Fish species belonging to the rheophilic assemblage were 

predicted to have HHS curves, showing an initial sharp increase in available habitat with 

an increase in flow, followed by a plateau at high discharge conditions (~2200 m3s), 

beyond which no additional habitat was provided and a final decrease at flows close to 

bankfull discharge (~5000 m3s). The limnophilic assemblage was predicted to have an 

opposing trend to the rheophilic assemblage, showing for both levels of assessment a 

general decrease in habitat availability as a response to increasing flows (see Figure 5.8 

in Chapter 5).  

6.3.5 Habitat time series analysis 

To compare the four proposed alternative future management scenarios for the MGS, we 

used modelled habitat rating curves (Figure 5.8 in Chapter 5) to convert the recorded 

(Life Achievement and Dam Removal scenarios) and simulated flow regimes (i.e. Q50 

for Dam Removal with Climate Change scenario and Q10, Q50, Q75 and Q90 for 

environmental flows under the Dam Renewal scenario) into a habitat time series (sensu 

Parasiewicz, 2008) with daily time steps for each year’s summer low flow period (i.e. 

July 1st to Sept 30th). This was completed for both spatial scales, using the three different 

fish assemblage models as per Wegscheider et al (2020; [Chapter 4]). The period of 

interest had been identified as a critical time when the lowest flows and warmest 
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temperatures are expected to occur (Parasiewicz, 2008; Monk et al., 2018), and thus 

representing potential habitat bottlenecks for various biota. Next, to detect the frequency 

and duration of stress events (Capra et al., 1995; Parasiewicz, 2008) in the time series 

(i.e. summer low flow periods 1919 to 2015), the 10th percentile threshold for each 

assemblage was selected to demarcate the periods with lowest daily HHS values (i.e. 

daily HHS values that were exceeded in 90% of the time). Finally, the continuous 

duration of stress days was also determined for the “Dam renewal” and the “Dam 

removal with climate change” scenarios to compare proposed management options. 

Stress day analysis was conducted using the heatwaveR package (version 0.4.0; Schlegel 

and Smit 2018). All analyses were completed in R (version 3.6.0; R Core Team, 2019) 

within the R Studio (Version 1.0.143 - ©2009-2016 RStudio, Inc.) environment. 

6.4 Results 

6.4.1 Flow regime 

Despite the drastic differences in the de facto scenario consequences to the management 

and the future of the Saint John River (i.e. dam removal vs renewal vs status quo), the 

four flow regimes shared general resemblance in terms of major hydrologic events 

throughout the year (Figure 6.2). Low flow conditions were mainly concentrated in the 

late summer rearing and growth bioperiod (July 1st to September 30th) as well as in the 

mid-late winter period for each scenario (Figure 6.2); however, the “Dam removal with 

climate change effects” scenario was projected to be flashier with high flow events 

throughout the year (Figure 6.2d). While variation associated to recorded daily median 

flows at the gauging stations was high for both historic and contemporary flows (Figure 
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6.2), similar patterns could be observed during the low flow period. Recorded daily 

median flows before the construction of the MGS (i.e. “Dam Removal” scenario, 183 to 

504 m3 s-1) were slightly higher as compared to contemporary flows (i.e. “Life 

achievement” scenario, 120 to 476 m3 s-1). For the projected flow regime under the 

“Dam renewal” scenario, median daily flows ranged from 162 to 552 m3 s-1, thereby 

closely resembling the “Dam removal” scenario (i.e. historic flow range). On the other 

hand, the “Dam removal with climate change” scenario showed the highest magnitude in 

difference between median daily flows (122 to 792 m3 s-1), with the lower flow range 

being similar to discharge conditions in the “Life achievement” scenario, and the upper 

flow range being approximately 1.5 - times higher than in all other scenarios. 

6.4.2 Habitat time series analysis during rearing and growth bioperiod 

To detect prolonged stress events during the rearing and growth bioperiod, habitat was 

considered to be limited when daily HHS values from the habitat time series for each 

fish assemblage dropped below a critical 10th percentile threshold. Computed 10th 

percentile thresholds were (meso-scale / micro-scale) 0.43/0.40 for the eurytopic 

assemblage, 0.16/0.12 for the rheophilic assemblage and 0.30/0.32 for species belonging 

to the limnophilic assemblage. Both micro- and meso-scale models showed a similar 

relationship between HHS, average flows during the summer period and the duration 

and frequency of stress events for each of the three fish assemblages (Figure 6.3). Our 

analysis suggested that rheophilic fish species were limited in habitat conditions 

downstream of the MGS (mean HHS ± sd, meso: 0.19 ± 0.03 and micro: 0.17 ± 0.06), 

particularly during years with extended low flow periods (minimum HHS; meso 0.14 
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and micro 0.10). Compared to years with extreme low flows, habitat availability for 

rheophilic species increased with no detection of stress events when considering the 

environmental flow regime prescribed for the “Dam renewal” scenario with the Q10 and 

Q50 percentiles (Figure 6.3 and Table 6.3); however, long duration of stress events were 

persistent for low flows of Q75 and Q90 percentiles. In contrast, species belonging to 

the other two fish assemblages were not expected to experience habitat bottlenecks in 

any modelled scenario, with mean HHS values of 0.43 ± 0.02 (meso) and 0.46 ± 0.02 

(micro) for habitat generalists and mean HHS values of 0.35 ± 0.03 (meso) and 0.42 ± 

0.07 (micro) for the limnophilic assemblage. Duration of stress events were restricted to 

13 continuous days during Q10 flows in the “Dam renewal” scenario for both fish 

assemblages and spatial scales (Table 6.3).  

Our models detected an increase in average duration of stress days for each fish 

assemblage when comparing the historic with the current flow regime (Table 6.3), 

indicating that dam operation negatively affected availability of suitable habitat 

conditions. At the community level (i.e. all assemblages combined) no stress events 

were detected for the Q50 flow rate of the “Dam renewal” scenario (for either spatial 

scale), however, stress became a factor for both higher and lower flows on both spatial 

scales of assessment and ranged from 14 to 71 days (Table 6.3). As for the predicted 

effects of climate change, a cumulative duration of 18 stress days was detected for the 

rheophilic group at the meso-scale. The other fish assemblage / scale groups were not 

predicted to experience stress events under this scenario (Table 6.3). Overall, the “Dam 

removal” scenario, even with effects of climate change, suggests an increase in habitat 
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availability and decrease in stress days for each fish assemblage when compared to the 

current (Life Achievement) management scheme (Table 6.3). 

 

6.5 Discussion 

This study investigated the potential effects of hydropower dam operation and hydro-

climatically driven flow regime variations on existing and future fish habitat in the main 

stem of the lower Saint John River during the critical summer low flow period. 

Responses of fish habitat assemblages were predicted on two levels of spatial resolution, 

to contrast micro- and meso-scale modelling approaches, and to assess changes in 

habitat conditions due to proposed alternative management scenarios for the MGS. 

Findings of this study support defining environmental flow objectives targeted for local- 

to- watershed-scale responses of fish communities in the Saint John River. 

Overall, our models indicate relatively small differences in flow regimes comparing the 

pre- to post-construction period of MGS; however, involving a decrease in availability 

of suitable summer habitat and a prolonged duration of stress days for each assessed fish 

assemblage. Habitat limitation for rheophilic fish species was predicted mainly due to a 

decrease in run and riffle area at low flows (see Chapter 5), which was considered prime 

habitat for this assemblage. In particular, during years with extreme low flows, the 

duration of critical stress days lasted the majority of the summer period. Hydro-

morphologically diverse habitats in the study area, such as islands with gravel bars that 

include riffle and run habitat and are characterised by a high proportion of shoreline 

habitat, will likely be affected primarily by prolonged low flows during dry years. 
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Limnophilic species and habitat generalists were predicted to mainly utilize slow 

flowing habitat in the study area and were generally not expected to be confronted with 

critical habitat limitation or prolonged stress events, except for wet years with relatively 

high flows during the summer period. 

Due to poor habitat conditions for rheophilic fish species in the study area and in context 

of future fish passage strategies, our results emphasize the importance of identifying 

hydraulic and thermal refugia within the Saint John River catchment and evaluate 

whether these areas are accessible or blocked from migration routes (Dugdale et al., 

2018). The concept of habitat connectivity has become a key factor in environmental 

impact assessments, and various methods have been developed to study the distribution 

and accessibility of meso-scale habitat patches (Buddendorf et al., 2017; Roy & Le 

Pichon, 2017). A dam removal scenario under a future, climate change-influenced flow 

regime, affects the rheophilic fish assemblage with a relatively short duration of 18 

stress days, while connecting the studied reach downstream of MGS to the expansive 

spawning and nursery grounds in the headwater tributaries of the SJR. At the community 

level, environmental flows under moderate discharge (Q50) minimized the duration of 

stress days for each assemblage, with an increase in stress events for rheophilic species 

during low flows (Q75 and Q90), and conversely, during high flows (Q10) for eurytopic 

and limnophilic species. This highlights the importance of determining environmental 

flows at a community-level, since various species and life stages show contrasting 

habitat needs, as exemplified by Schwartz (2016), Macnaughton et al. (2016) or 

Spurgeon et al. (2019). 



 

202 

 

Coupling hydraulic-habitat models with hydrologic methods to include temporal 

characteristics of alternative regimes offers additional tools to improve this framework 

(Parasiewicz, 2008; Vezza et al., 2012). Although this study focused on summer low 

flows, projected hydrographs (Figure 6.2) indicated potential changes in frequency and 

magnitude of winter low flows, as well as shifts in the initiation of spring peak flows, 

and consequences for key species will need to be addressed in the future. However, the 

current logistical constraint for undertaking such work is the paucity of information 

regarding the habitat needs of most fishes during challenging biological sampling 

windows such as winter or spring freshet.  

Ecological processes in rivers function across many spatial scales, however, the 

selection of the required resolution of model elements to capture the complexity of 

hydraulic conditions relevant for fish remains an issue (Tonina & Jorde, 2013; 

Habersack et al., 2014). Mesohabitat models that cluster areas of similar hydraulic 

properties into habitat patches assume that a coarser resolution represents habitat use of 

mobile organisms, such as fish, in a more realistic way than classical micro-scale 

approaches (Dunbar et al., 2012). On the other hand, several studies suggest that low 

resolution hydraulic habitat models are not capable of accurately representing the 

variability of hydraulic conditions. (e.g. Fabris et al., 2017). In particular, upland rivers 

show a high variability in flow velocity due to heterogenous structure of the channel and 

bedload (Gostner et al., 2013b), therefore requiring high resolution hydrodynamic 

models. However, our results indicate that modelling response is less sensitive to 

changes in grid size (i.e. micro- versus meso-scale) and predict similar trends when 

being applied in a large lowland river. This can be likely attributed to a decrease in 
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heterogeneity of channel bathymetry and hydraulic complexity, specifically at the center 

of the channel. Thus, the use of less time-consuming and computationally less intensive 

mesohabitat modelling approaches can be particularly valuable in large rivers. 

The duration and frequency of days below a critical habitat value (i.e. stress days) were 

used as a metric to compare the proposed alternative future management scenarios of the 

Saint John River. This method represents a similar approach to Capra et al. (1995) and 

Parasiewicz (2008) and is a suitable tool to identify potential habitat bottlenecks for 

sensitive species during critical periods such as summer low flow conditions. Hydraulic 

habitat models offer a suite of alternative ecohydraulic metrics that can be used to 

evaluate restoration or conservation strategies (Vezza et al., 2015). For example, Fabris 

et al., (2017) used critical displacement velocity as a threshold metric to model habitat 

availability for Atlantic salmon parr (Salmo salar) in an upland stream in Scotland under 

different flow conditions. Other metrics, such as the hydro-morphological index of 

diversity (i.e. HMID, Gostner et al., 2013a), are derived from numerical models and are 

computed as the coefficient of variation of flow velocity and water depth to describe 

habitat heterogeneity of river reaches. Furthermore, ways to quantify the area and model 

the distribution of mesohabitat types or hydro-morphological units have been intensively 

studied in the past decades, which resulted in the development of various modelling 

platforms (Parasiewicz, 2007; Hauer et al., 2009; Noack et al., 2013; see also a recent 

review by Wegscheider, Linnansaari & Curry, 2020; [Chapter 2]). Further research is 

still needed to identify a comprehensive list of ecohydraulic habitat metrics that help 

setting new environmental flow standards in river restoration. 
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Both the hydrodynamic and biological modelling component used in this study involve 

various sources of uncertainty (see Chapter 5). While hydraulic properties, such as water 

velocity and depth, in combination with dominant substrate particle size and instream 

cover, are important variables influencing habitat selection (Parasiewicz, 2007; Melcher 

et al., 2018), there are many other biotic and abiotic parameters that play a role in 

shaping the presence/absence and abundance of fishes in any given habitat (Railsback, 

2016). For example, summer water temperature in many temperate rivers regularly 

approach or exceed thermal tolerance thresholds of cold-water species (Caissie 2006; 

Kurylyk et al. 2015; Corey et al. 2020; Wilbur et al. 2020). The combined effects of 

increasing water temperature and low flow magnitude, frequency and duration during 

the summer low flow period represent critical stressors for many freshwater fish species. 

Potential changes in future flow conditions have been addressed in this paper; however, 

there is still the need to include the impact of climate change on flow and temperature 

with regard to key species and fish assemblages (e.g. Dugdale et al., 2018). Furthermore, 

spatial and temporal dynamics of suspended solids, food availability, as well as diel and 

seasonal differences in fish behaviour represent a suit of additional factors affecting 

habitat selection (Railsback, 2016). Besides the critical rearing and growth bioperiod 

during the summer months, there are various other seasonal flows and life history 

strategies that need to be considered in an holistic environmental flow assessment 

(Parasiewicz, 2008; Schwartz, 2016). The environmental flow research has advanced 

significantly in recent years with holistic approaches gaining much attraction 

(Arthington et al. 2018). Regarding regulated rivers, Yarnell et al. (2015) described a 

functional flow approach, focusing on process-based seasonal components of the 
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hydrograph, and Alfredsen et al. (2011) prescribed various options to accommodate 

Atlantic salmon life-cycle depending on water availability that varies between years. For 

the Saint John River, Monk et al. (2018) grouped life history schemes (e.g. migration, 

spawning, etc.) of aquatic and riparian taxa by habitat type (e.g. large tributaries and 

main channel habitat, mainstem islands habitat, etc.) and linked flow-ecology and 

temperature-ecology hypothesis to seasonal flows (e.g. spring high flow, summer and 

winter low flow, etc.). In addition to inter-daily and seasonal variation in flow patterns, 

regulated rivers are frequently affected by site-scale, intra-daily water level fluctuations 

(i.e. hydropeaking; Poff & Schmidt, 2016). Further work is still required to implement 

high resolution data of flow-habitat models at core sites downstream of the MGS, to 

evaluate the effect of hydropeaking on biota in the Saint John River.  

6.6 Conclusion  

A comparison between spatial scales suggests that coarse mesohabitat approaches 

perform similarly well when compared to high resolution micro-scale models in large 

lowland rivers. Coarser, less computationally intensive methods will be also required to 

expand habitat models from core sites, such as downstream the MGS, to the catchment-

scale to evaluate habitat connectivity and accessibility to hydraulic and thermal refugia. 

On both levels of assessment, rheophilic species were identified as a fish assemblage 

that could experience critical habitat conditions during the summer low flow period 

under proposed scenarios. Habitat predictions of environmental flows under a Q50 flow 

rate minimized the duration of critical stress days for each fish assemblage and 

supported the proposed ELOHA framework (Poff et al. 2010) as per Monk et al (2018). 
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However, deviations from moderate environmental flows involved prolonged stress 

events for rheophilic species during low flows and for limnophilic and eurytopic species 

during high flows, due to contrasting habitat needs that need to be considered in the 

management decision process. Projections of spatial and temporal changes in habitat 

conditions for fish assemblages derived from this study will be used to refine flow-

ecology hypotheses in the Saint John River environmental flow framework, potentially 

serving as a template for other large rivers with similar issues.  
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Table 6.1 An ensemble list of N=11 selected future climate simulations for the Saint 

John River. RCM = Regional Climate Model; GCM = Global Circulation Model; GHG 

= Greenhouse Gas; Member = Ensemble member. Details of all climate change models 

and scenarios can be found in Gauvin St-Denis & Huard (2015). 

Source RCM GCM GHG scenario Member Simulation period 

CCMA (CORDEX) CanRCM4 CANESM2 RCP 4.5 r1i1p1 1950–2100 

CCMA (CORDEX) CanRCM4 CANESM2 RCP 8.5 r1i1p1 1950–2100 

Ouranos CRCM4 CGCM3 SRES A2 r4i1p1 1961–2100 

Ouranos CRCM4 CGCM3 SRES A2 r5i1p1 1971–2100 

Ouranos CRCM4 ECHAM5 SRES A2 r1i1p1 1971–2100 

Ouranos CRCM4 ECHAM5 SRES A2 r3i1p1 1971–2100 

SMHI (CORDEX) RCA4 CANESM2 RCP 4.5 r1i1p1 1951–2100 

SMHI (CORDEX) RCA4 CANESM2 RCP 8.5 r1i1p1 1951–2100 

SMHI (CORDEX) RCA4 EC-EARTH RCP 2.6 r1i1p1 1951–2100 

SMHI (CORDEX) RCA4 EC-EARTH RCP 4.5 r1i1p1 1951–2100 

SMHI (CORDEX) RCA4 EC-EARTH RCP 8.5 r1i1p1 1951–2100 
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Table 6.2 Physical attributes and respective categories for both level of assessments 

  Micro-scale Meso-scale 

  Categories 

Input variables    

Flow velocity  Slow/medium/fast/very fast Slow/fast 

Water depth  Shallow/medium/deep Shallow/medium/deep 

Substrate particle 

size 

 

Very small/ 

small/medium/large 

Very small/ 

small/medium/large 

Cover  - Presence/Absence 

Output variable    

Habitat suitability 

index 

 Low/medium/high Low/medium/high 
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Table 6.3 Predicted fish community stress days, assessed at the micro- and meso-scale for “Dam removal”, “Life achievement”, 

“Dam renewal” and “Dam removal with climate change (CC)” scenarios, representing managed and hydro-climatically driven 

flow regimes in the Saint John River, NB, Canada 

Scale Assemblage Dam removal Life achievement Dam renewal Dam removal with CC 

  Q50 Q50 Q10 Q50 Q75 Q90 Q50 

Meso Eurytopic 5 ± 10 7 ± 10 13 0 0 0 0 

 Limnophilic 7 ± 13 10 ± 13 13 0 0 0 0 

 Rheophilic 5 ± 11 8 ± 11 0 0 50 71 18 

 Community 18 ± 24 26 ± 23 26 0 50 71 18 

Micro Eurytopic 6 ± 11 8 ± 11 13 0 0 0 0 

 Limnophilic 6 ± 11 8 ± 11 13 0 0 0 0 

 Rheophilic 1 ± 5 4 ± 7 0 0 14 57 0 

 Community 13 ± 21 20 ± 21 26 0 14 57 0 



 

 

 

2
1
8
 

Notes: The “Dam removal” and “Life achievement” scenarios represent a flow time series recorded from 1919 to 2015 and are thus 

represented as average duration of stress days (± standard deviation) during a low flow period. The duration of stress days in the other 

scenarios are simulated for a single year and consequently do not include a standard deviation. 
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Figure 6.1 Study area downstream of the Mactaquac Generating Station (MGS) on the 

Saint John River, New Brunswick, Canada with available hydro-morphologic units 

(HMUs) based on fuzzy logic and hydraulic modelling predictions under summer flow 

conditions (Q= 425 m3s-1). The transitional boundary zone (yellow areas) represents the 

gradual transition between habitat types. ADCP transect measurements are presented as 

red lines in the bottom panel (S1 -S14). 
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Figure 6.2 Median annual hydrographs of four proposed alternative future management 

scenarios in the Saint John River downstream of the Mactaquac Generating Station. a) 

current flow regime (Life achievement), b) environmental flow regime (dam renewal), c) 

historic flow regime (dam removal), d) future flow regime (dam removal including 

climate change effects). Black lines show the median daily discharge during a 
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hydrological year (Oct 1 to Sept 30). Grey bands represent the range between minimum 

and maximum daily discharge values recorded at gauging stations for the a) historic and 

c) current flow regime and the range between maximum and minimum model ensemble 

projections of the Q50 flow rate for the 11 selected RCMS of the d) future flow regime. 

For the b) environmental flow regime, grey bands indicate the lower and upper bounds 

for the Q50 flow rate. Grey boxes indicate the duration of the summer low flow period 

(July 1st to Sept 30th). Note that for the d) future flow regime, median daily flows closely 

follow the minimum daily discharge values of the ensemble model.  

 

.
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Figure 6.3 a) Mean discharge as well as b) hydraulic habitat suitability (HHS) and fish community stress days of each years’ summer 

low flow period (July 1st to September 30th) in the “Dam removal” (pre-MGS) and “Life achievement” (post-MGS) habitat time series. 

HHS and fish community stress days are also presented for selected flows (Q10, Q50, Q75 and Q90) of the “Dam renewal” scenario 



 

 

 

2
2
3
 

with prescribed environmental flow regime and the “Dam removal with climate change effects” scenario (CC with Q50 flow rate). The 

size of the circles, triangles and squares represents the duration of stress days below the critical habitat threshold of the eurytopic, 

limnophilic and rheophilic assemblage, respectively (i.e. 10th percentile threshold). The top and bottom panel show assessment at the 

meso- and microhabitat scale, respectively. 
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Chapter 7: General Discussion 

 

7.1 Significance of dissertation: Improved understanding of flow-ecology 

relationships and habitat use of fish assemblages in a large hydropower regulated 

river 

 

The main contributions of this dissertation are two-fold. First, findings in this thesis will 

increase the understanding of meso-scale habitat use of fish assemblages in a large 

regulated river. Second, identified flow-ecology relationships can be used for the 

development of a community-level modelling framework to quantify existing and future 

fish habitat under variable management scenarios. Here, I list the most novel findings of 

this dissertation in an order as to answer to the research questions presented in the final 

paragraph of Chapter 1. 

i) An in-depth literature review on meso-habitat modelling tools for fish suggests that 

significant advances in high-resolution remote sensing and numerical modelling enable 

quantifying riverine habitat characteristics at a catchment scale. The selection of models 

to quantify flow-ecology relationships depends on the availability of habitat use data, 

and in case of community level approaches that include rare and elusive species, the use 

of expert knowledge remains important. Thus, the combination of a 2D hydrodynamic 

model with a fuzzy logic biological model based on expert knowledge represents a 

suitable solution to predict habitat suitability for fish communities in MAES. 
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ii) During the course of this dissertation, 31 fish species have been documented in the 

vicinity of the MGS. As expected, fish community composition differed between meso-

scale reaches up- and downstream the MGS. Resident generalist species dominated in 

abundance and four (i.e., American eel, Atlantic salmon, Shortnose sturgeon and Striped 

bass) of the potential six (i.e., no capture of Atlantic sturgeon and Redbreast sunfish) 

SARA- listed species were documented at sites downstream of the dam. 

iii) Time of sampling (i.e., diel period) represented an important factor influencing 

variation in taxa richness, abundance and total biomass. Fish community metrics were 

consistently higher when sampling occurred during night-time, in both lotic and lentic 

environments. 

iv) A correction factor for sampling effort has been determined to improve accuracy and 

precision of catch per unit effort estimates for fish species in the SJR at day- and night 

surveys. Overall, there was no consistent trend of higher sample size being required 

during daytime as compared to night-time sampling. 

v) Mapped meso-scale HMUs downstream the MGS showed distinct fish assemblages 

and differed in species composition. Several indicator species could be identified that 

showed preferences for individual HMUs.  

vi) Based on mesohabitat use, three fish assemblages were identified representing 

different preferences for flow. Indicator species of the eurytopic assemblage were 

common throughout the study area and were associated to a variety of mesohabitat 

types. Indicator species of the rheophilic assemblage were less common and preferred 

fast flowing environments (i.e., Run and Riffle habitat), in contrast to representatives of 
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the limnophilic assemblage that preferred slow and shallow habitat (i.e., Slackwater), 

and mainly consisted of small bodied species or juvenile life stages of species. 

vii) Supervised fuzzy classification of hydraulic variables in combination with 2D 

hydrodynamic modelling proved to be efficient in predicting the extent and spatial 

patterns of meso-scale HMUs under variable discharge scenarios. Developed tools will 

be particularly useful in large rivers under non-wadable conditions. 

viii) Fluxes in areal extent of HMUs, ranging from baseflow to high summer flow 

conditions, were apparent in the 20 km downstream reach of the SJR. Hydraulic 

conditions shifted with increasing flows from Pool to Run dominated areas. Quantifying 

transitional boundary zones enables modelling the river as a continuum with “hybrid 

zones” that represent elements of different HMUs simultaneously. This approach does 

not superimpose artificial borders between habitat patches that lack ecological 

justification. 

ix) Uncertainty in predicted habitat - discharge relationship for each fish assemblage 

resulted mainly based on variability in expert judgment (i.e., biological model) as 

compared to systematic error in the hydrodynamic model. The agreement between 

experts in defining habitat requirements differed between fish assemblages reaching 

highest consensus for the rheophilic assemblage and lowest consensus for the eurytopic 

assemblage. 

x) Despite above-mentioned sources of uncertainty, fuzzy logic-derived habitat 

suitability proved to be a useful metric in predicting occurrence of indicator species from 

fish assemblages. Habitat suitability indices at sites where indicator species were present 

were significantly higher as compared to vacant sites. 



 

227 

 

xi) In general, micro- and meso-scale models showed a similar relationship between 

habitat suitability, average flows during the summer period and the duration and 

frequency of stress events for each of the three fish assemblages. The constructed 

models detected an increase in average duration of stress events for each assemblage 

when comparing the historic with the current flow regime, indicating that dam operation 

negatively affected availability of suitable summer habitat conditions. The dam removal 

scenario under a future hydro-climatically driven flow regime involves a general 

increase in suitable habitats and decrease in community stress days in the study area 

downstream the MGS, in addition to the restoration of the reservoir and reconnection of 

migratory pathways in the river network (albeit not studied per se in this Dissertation). 

xii) My predictions for both historic and current flow regimes suggest that rheophilic 

species experience habitat limitation downstream of the MGS, particularly during years 

with extended low flow periods and reduction of run and riffle habitat. No habitat 

limitation was detected for limnophilic and eurytopic species; however, the constructed 

models showed a general increase in stress days during wet years with high summer 

flows and less stable conditions.  

xiii) Habitat predictions of environmental flows under a Q50 flow rate minimized the 

duration of critical stress days for fish communities and support the proposed ELOHA 

framework for the SJR (Monk et al., 2018). However, deviations from a Q50 flow rate 

involved prolonged stress events for rheophilic species during low flow percentiles (Q75 

and Q90) and for limnophilic and eurytopic species during high flow percentiles (Q10). 

Consequently, contrasting habitat requirements of fish assemblages need to be 

considered in the management decision process. 
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In the following paragraphs, I outline in detail how I arrived at these conclusions, set 

them into perspective with the alternative management options in the Mactaquac 

Aquatic Ecosystem Study and further discuss relevant research in the literature (7.2). 

Insights gained from this study should be considered in other large regulated rivers that 

face similar issues regarding aging infrastructure and a changing climate (7.3; 7.4 and 

7.5). 

 

7.2 Quantifying existing and future fish habitat under variable management 

scenarios 

Environmental management decisions need to consider a suite of economic, societal and 

ecological objectives. For the latter, ecological models can be instrumental in 

quantifying the environmental effects of proposed scenarios and contrasting potential 

management alternatives. Fundamental attributes of ecological models that make them a 

useful and supportive management tool include i) a mechanistic understanding regarding 

causality, ii) alignment of modelling input and output with the management decision, iii) 

appropriate spatial and temporal resolutions, iv) uncertainty quantification, v) sufficient 

predictive performance and vi) transparent communication (Schuwirth et al., 2019). 

Quantifying critical fish habitat conditions has gained significance in Canadian river 

management, since habitat loss represents a fundamental component of Canada’s 

Fisheries Act (Fisheries Act, RSC 1985). Ecological models should meet above-

mentioned criteria to provide useful information and support an informed decision-
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making process. Consequently, I decided to frame the discussion around these 

principles. 

 

The SJR monitoring programme provides fundamental baseline information to explore 

changes in fish community structure and establishes flow-habitat relationships of multiple 

species 

Overall, 31 out of the potential 55 fish species have been documented in reaches up-and 

downstream of the MGS. Results presented in Chapters 3 and 4 showed that fish 

community metrics varied between time of sampling, gear type as well as meso-scale 

HMUs and suggested clustering species into three discrete fish assemblages. Sampling 

occurred at a time and location, and used gear types that typically results in the absence 

or low representation of several migratory species (Atlantic Salmon, Atlantic Sturgeon, 

Shortnose Sturgeon, Striped Bass), with the exception of Alewife, Blueback Herring and 

American Eel that were abundant in surveyed reaches downstream of the MGS. Fish 

community surveys were restricted to littoral habitat (defined as aquatic habitats in the 

photic zone < 3m in depth), and consequently did not detect species occupying the 

deeper portions of the channel. Furthermore, fast and abrupt flow changes downstream 

the MGS lead to frequent exposure of gravel bars to dry conditions and made sampling 

of adjacent riffle habitat inefficient. These observations highlight a central problem in 

determining relationships between flow characteristics and fish community dynamics, 

namely imperfect detection during sampling events (Gwinn et al., 2016; Benoit et al., 

2018). Several studies have shown how detection probability of fish varies with factors 

such as gear type (Beesley et al., 2014; McManamay et al., 2014), waterbody size 
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(Haynes et al., 2013; Beesley et al., 2014), time of day (Bernard et al., 2013; Haynes et 

al., 2013) or habitat (Korman et al., 2009; Lyon et al., 2014). One objective of this 

dissertation was to determine the required sampling effort based on time of sampling 

(day vs night) and meso-habitat use to improve sampling efficiency for future 

monitoring in MAES and to achieve reliable catch per unit effort estimates for multiple 

species. The conducted surveys are expected to cover characteristic habitat conditions of 

the main stem of the lower SJR, since littoral habitat dominates on the downstream side 

of the MGS (>80%), and can reach bank to bank (> 100’s of m; typical river width at the 

studies area > 800 m; MAES 2019). Nonetheless, results in Chapter 3 and 4 indicated a 

relatively high variance in CPUE estimates for multiple species and required a more 

conservative approach to cluster species into fish habitat assemblages using 

presence/absence data. Although analysis of flow-ecology relationships based on species 

occurrence represents a valid strategy in habitat studies (e.g., Guay et al., 2000), future 

monitoring should strive towards estimating detection probability of species (Royle & 

Nichols, 2003) and subsequently using abundance models to gain additional insights into 

population and community dynamics (e.g., recruitment success, Humphries et al., 2019). 

One promising tool to increase the efficiency of experimental designs in monitoring 

programmes represent species occupancy models that account for varying detection 

probability of multiple sampling devices and different sampling units (Gwinn et al., 

2016; Benoit et al., 2018), which will be discussed further in section 7.4. 

Studies regarding the population status and migration behaviour of diadromous species 

are often carried out using various biotelemetry techniques (Rechisky et al., 2013; 

Nieland et al., 2015) and were beyond the scope of fish community surveys in this 
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dissertation. However, this study should not be considered as a “standalone project” and 

some limitations can be addressed in the broader context of MAES. For example, other 

projects within MAES have been designed to analyze movement of selected diadromous 

species via telemetry studies (see e.g., Andrews 2019; Babin 2019; Arluison, University 

of New Brunswick, Dept of Biology, Unpubl. Data; Dixon, University of New 

Brunswick, Dept of Biology, Unpubl. Data; Zelman University of New Brunswick, Dept 

of Biology, Unpubl. Data). For specific objectives, these projects also take advantage of 

flow properties derived from the hydrodynamic component of the SJR habitat model, 

and use it as a supportive tool to explore key phases in life history, such as spawning 

success (e.g., Andrews et al., 2019). Furthermore, due to the lack of suitable sites that 

are not affected by daily water level fluctuations, data to calibrate expert-based models 

of species associated to Riffle habitat need to be collected at reference sites outside of 

the focused study area of MAES (Dolson-Edge et al. 2019). Thus, the results in this 

dissertation are representative for a large part but not for the whole fish community of 

the SJR. The concept of multiple-species conservation has become an integral part in 

environmental flow assessments (Arthington et al., 2018), and this study addresses this 

issue linking fish assemblages to meso-scale habitat conditions in a regulated river. 

 

The modelling framework is based on a mechanistic understanding of community-level 

fish-habitat relationships and selected habitat parameters are relevant for management 

Variable managed and climate-induced changes in flow regime have been identified as 

important drivers in ecosystem function that can be linked to potential management 

alternatives of the SJR (Monk et al., 2018). As discussed in Chapter 1, observations that 
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describe flow-ecology relationships for many species are frequently scarce, and expert 

knowledge is needed in combination with empirical habitat use data to establish 

mechanistic linkages between habitat variables and species response. This is the case in 

the SJR with over 55 different fish species, that represent a wide range of habitat 

requirements (Linnansaari et al., 2017). Chapters 3 and 4 provide important baseline 

information regarding linkages between meso-scale habitat conditions and fish 

assemblages in the vicinity of the MGS. Multiple experts that have a mechanistic 

understanding of the SJR and the local fish fauna used this information to define habitat 

requirements for three fish habitat assemblages.  

Despite numerous examples that show how expert judgment can be used as an effective 

measure to guide management (Ahmadi-Nedushan et al., 2008; Martin et al., 2012; 

Mocq et al., 2013; Radinger et al., 2017), the intent of the presented approach is to 

confront expert opinion with a growing body of empirical data as they become available 

(i.e., calibrating fuzzy models; see 7.4). Strategies to improve sampling design of fish 

community surveys to gather this information are outlined in the previous section. 

Furthermore, the selection of habitat variables that are being modelled needs to be 

extended to cover key ecological functions, that determine seasonal and fish assemblage 

specific habitat selection. Although flow velocity, water depth, dominant substrate and 

instream cover represent common input parameters in habitat models (Melcher et al. 

2018), these variables are not necessarily the best predictors for habitat selection of 

every species (see Railsback (2016) for details). Two key ecological processes that are 

currently not being considered are sediment transport and the thermal regime of the SJR. 

In their seminal paper, Wohl et al., (2015) broaden the concept of the natural flow 
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regime and discuss the importance of dynamics in sediment inputs, transport and storage 

for river ecosystem function. The interruption of natural sediment fluxes affects channel 

morphology, bed characteristics (e.g., grain size distribution) and many other important 

functional processes (for details see East et al., 2015; Wohl et al., 2015). Water 

temperature is known to have a strong direct influence on habitat selection and fitness of 

many sensitive species (Caissie, 2006; Kurylyk et al., 2015). For example, Zarri et al., 

(2019) showed how release of water from a dam targeted at the conservation of single 

species can have detrimental effects to species or life stages with contrasting thermal 

habitat requirements (i.e., cold-water vs warm water species), which reiterates the 

importance to identify water management strategies that accommodate the needs of 

multiple species. Furthermore, various methods have been developed to model the 

thermal regime of rivers under alternative scenarios (Dugdale et al., 2017; O’Sullivan et 

al., 2019) and identify thermal refugia in river networks (Dugdale et al., 2018). Thus, an 

important step in the next phase of MAES will be extending the SJR habitat model with 

a temperature and sediment transport component to assess habitat impacts for 

flow/temperature regime changes during dam construction, future environmental flow 

regimes, and predicted climate change (see section 7.4).  

The critical evaluation of metrics generated by hydraulic-habitat models is equally 

important as selecting relevant input parameters (Schuwirth et al., 2019). Habitat 

suitability and habitat rating curves as output of hydraulic-habitat models have been 

criticized for not being able to represent variation of flow through time (Railsback, 

2016) and lacking measures of uncertainty (Linnansaari et al., 2013). These limitations 

have been addressed in the development of the SJR habitat model through means of 
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habitat time series analysis of fuzzy logic derived habitat suitability metrics which are 

being discussed in the following section. 

 

The model selects appropriate spatial and temporal scales and quantifies 

uncertainty in resulting habitat metrics 

Flow variability represents a key concept in river management and determination of 

environmental flows (Poff et al., 1997, 2010). The duration and frequency of days below 

a critical habitat value (i.e., stress days) were used as metrics to compare future 

management alternatives for the Saint John River during the summer low flow period. 

This study is by no means the first one to implement habitat time series analysis into 

environmental flow assessments. Capra et al., (1995) and Parasiewicz (2008) used a 

similar approach to identify stress events and habitat bottlenecks for fish species during 

defined bioperiods, and Spurgeon et al., (2019) extended the concept to a community 

scale using habitat guilds. Despite criticisms on hydraulic-habitat models in addressing 

changes in flow variation (Railsback, 2016), these studies confirm the applicability of 

the approach in river management. However, most studies were either restricted to 

small-scale hydrodynamic models representing short study reaches (only several 

hundred meters), or were dependent on time-consuming field surveys to map habitat 

across larger areas, typically being constrained to a limited number of discharge 

conditions (base-, moderate and high flows). The hydrodynamic model developed in 

MAES covers a 20 km reach downstream the MGS, simulating hydraulic conditions at 

eight discrete flows ranging from baseflow to bankfull discharge. Interpolation of habitat 

rating curves allows for predictions also for flows that are intermediate within the 



 

235 

 

extremes of these eight flows, as the shape of the relationship between flow and 

hydraulic conditions can be sufficiently described for the whole hydrograph (see e.g. 

Vezza et al., 2011). In combination with long term flow records at MGS and the 

proposed environmental flow framework for the SJR (Monk et al., 2018), the data 

presented in this dissertation covers a wide range of hydrologic and hydraulic 

conditions, which are necessary to represent variation of flow through time during the 

critical summer low flow period and other seasons.  

As discussed in Chapter 1 (1.3.4), some authors argue that hydraulic-habitat models 

frequently mishandle spatial scales, with cell sizes being artefacts of hydrodynamic 

modelling convenience that lack ecological meaning (Railsback, 2016). Furthermore, 

hydraulic-habitat models need to be expanded from a site- or reach scale to the 

riverscape to address important river network characteristics such as habitat connectivity 

(Lamouroux et al., 2017; Kuemmerlen et al., 2019). Considerable progress in 

computational capacity and increased availability of remote sensing data has made the 

development of hydrodynamic models possible at the catchment-scale (Carbonneau et 

al., 2012; Fleischmann et al., 2019). However, the issue of upscaling still remains a 

challenge and mesohabitat modelling is likely going to play an important role in 

bridging the gap between the local-, and catchment-scale management of rivers (Harby 

et al., 2017). Thus, one objective of this dissertation was to compare the traditional, 

micro-scale resolution of habitat models with an upscaled mesohabitat approach. While 

spatial scale comparisons have revealed differences in modelling outcomes particularly 

in streams and smaller rivers (Habersack et al., 2014; Anderson et al., 2015), the results 

presented in this dissertation suggest that upscaling grid size from micro- to meso scale 
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has only a minor effect on habitat suitability and habitat time series predictions in a large 

river. This could be partly attributed to relative homogenous hydraulic conditions in 

reaches of large rivers such the SJR, particularly in deeper areas located at the center of 

the channel. Numerous studies documented the deleterious effect of dams on 

populations of diadromous fish and other biota (Liermann et al., 2012; Grill et al., 2015; 

Mattocks et al., 2017). The MGS impounds an approximately 80km long Mactaquac 

reservoir characterised by lentic habitat conditions. One of the biggest changes resulting 

from a dam removal scenario would be the restoration of the impounded stretch of the 

SJR and reconnection of migratory pathways and critical habitat types (e.g., suitable 

spawning sites). Besides the blockage of migration pathways through barriers, studies in 

MAES also identified the Mactaquac reservoir as a significant factor influencing 

migration success, rates and delay of different Atlantic salmon life stages (Babin, 2019). 

Unfortunately, habitat simulations in my dissertation are restricted to a focused impact 

reach downstream the MGS, meaning that these changes cannot be assessed in the 

current form of the model. Thus, future objectives should be expanding the presented 

model beyond the focused impact reach to examine predictions across time (i.e., other 

seasons and intra-daily flow variation) and space at a catchment scale (see section 7.4 

for details). 

To my knowledge, the work presented in my dissertation is, if not the first, certainly one 

of the first studies that quantifies uncertainty in habitat rating curves, accumulating from 

both biotic and abiotic modelling components. Uncertainty in the fuzzy rule based 

biological model resulted from variation in expert judgment regarding the definition of 

habitat requirements for fish assemblages, whereas results from the hydrodynamic 
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component were associated to a systematic error in velocity estimates varying with 

discharge. Uncertainty analysis revealed that variation mainly resulted from the 

biological model, highlighting the need to calibrate expert-based models with empirical 

habitat use data. Furthermore, agreement between experts varied with fish assemblages, 

indicating that personal experience and comfort level with individual species in 

assemblages can bias expert elicitation. Various additional sources of uncertainty exist 

that could not be quantified yet, as exemplified by the issue of imperfect sampling and 

species clustering in the previous section. Furthermore, if discharge time series data is 

not readily available to predict changes in habitat quality over time, modeled flow data 

relying on close-by hydrometric stations can be used instead; another step that 

introduces a source of uncertainty into the modelling framework. Still, it is important to 

provide an estimate of model uncertainty along with the expected value of model 

outcomes, to ensure transparency in the modelling process and facilitate decision makers 

weighing their options (Fischhoff & Davis, 2014; Uusitalo et al., 2015). 

 

The model has sufficient predictive performance and outcomes as well as 

limitations are transparently communicated 

Evaluating predictive performance of models is a critical process that is frequently 

misrepresented or avoided in habitat studies (Linnansaari et al., 2013; Railsback, 2016). 

The supervised classification of meso-scale HMUs using fuzzy logic could be applied at 

any discharge and showed good agreement with field mapped surveys at low, moderate 

and partially high flows. Only pool habitat was misclassified at a relative high rate 

(50%) at high discharge conditions. One potential explanation for this result is the 
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lessening effect of morphology on hydraulics as flow stage increases (Emery et al., 

2003; Clifford et al., 2006), a phenomenon that has been also attributed to poor 

performance in mesohabitat classification in other studies (e.g., Wilkes, 2014). 

Quantifying transitional boundary zones enables modelling the river as a continuum with 

“hybrid zones” that represent elements of different HMUs simultaneously. This 

approach does not superimpose artificial borders between habitat patches that lack 

ecological justification (Borsányi et al., 2004; Parasiewicz, 2007). However, the 

supervised classification based on selection of hydraulic thresholds still suffers from a 

certain degree of subjectivity. Currently, several techniques are being developed to 

implement “unbiased” machine learning algorithms in predicting and quantifying habitat 

in rivers (Farò et al., 2018; O'Sullivan et al. 2020). These data-driven approaches can be 

powerful in data rich situations; however, due to their complex internal structure, they 

are being perceived as “black boxes” by the general user (Castelvecchi, 2016; Schuwirth 

et al., 2019). Considering these factors, the presented approach shows promise to solve 

problems in quantifying fish habitat in large rivers under non-wadable conditions, but 

should be confronted with alternative classification methods, such as unsupervised 

machine learning algorithms, to identify best practises in quantifying habitat in large 

rivers (see 7.4). 

A vital component in the validation process of habitat selection models is to test if 

predicted habitat suitability discriminates between occupied and vacant sites. Thus, fish 

assemblage models were tested by comparing the average HSI results of all experts 

between sites with and without indicator species. Although predicted habitat suitability 

at surveyed sites was generally low, the models yielded higher mean HSI values for 
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presence than for absence for selected representative species of each assemblage. This 

means that indicator species were more likely to be found at sites with high modelled 

HSI values. This process can be considered a partial validation as demonstrated by 

Mocq et al., (2013), and was considered sufficient for testing baseline models defined by 

experts. For a more comprehensive validation, expert based fuzzy logic models need to 

be calibrated and eventually replaced by data driven statistical models, such as 

multivariate logistic regression (see Guay et al., 2000; Pearce & Ferrier, 2000 as 

examples). These models enable predicting a probability of occurrence for species at 

each model element in relation to habitat variables. Next, an independent data set is used 

to test model performance against reliability and discriminatory capacity, typically using 

metrics derived from a confusion matrix (Pearce & Ferrier, 2000; Guisan et al., 2017). 

To communicate metrics of habitat quality effectively to management and to support the 

proposed environmental flow framework for the SJR, I transformed hydrographs of 

alternative flow regimes into physical habitat time series. Next, I identified fish 

assemblages that were susceptible to variation in summer low flow conditions, through 

identifying critical stress events during the flow time series recorded from 1919 to 2015. 

Modelling results suggested that species within the rheophilic group may be limited in 

habitat conditions during the summer low flow period, since suitable habitats averaged 

below 20% (mean HHS ± sd, meso: 0.19 ± 0.03; micro: 0.17 ± 0.06) and never exceeded 

30% of the wetted channel area at any year in the records. To assess a community-level 

response of fish to changes in flow regime, we developed a metric of fish community 

stress days based on habitat time series analysis that suggested two main conclusions. 

First, the duration of community stress events increased after the construction of the 
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MGS representing the transition from the historic to the current flow regime, and 

second, a proposed environmental flow scenario (i.e. dam renewal) ranging around Q50 

(see Monk et al. 2018) would minimize stress events for each habitat assemblage. 

Deleterious effects of flow regulation on habitat quality have been documented in 

numerous studies (e.g., Rolls et al., 2012; Anderson et al., 2015). In context of habitat 

modelling in regulated rivers, Spurgeon et al., (2019) used a mesohabitat approach and 

long-term flow records to identify periods with limited habitat conditions for fish 

communities. Regarding climate induced changes in future flows (i.e., dam removal 

scenario with climate change effects) our models predict a decrease in duration of stress 

events as compared to the current flow regime. It is important to note that habitat 

suitability predictions do not consider the fact that a dam removal would significantly 

improve habitat connectivity in the SJR watershed for migrating species and restore the 

impounded Mactaquac reservoir back to natural conditions. Substantial improvement in 

river health and ecosystem functioning have been documented in other case studies 

involving dam decommissioning and large scale removal (Bellmore et al., 2019), 

ranging from restored sediment supply and transport (East et al., 2015) to the return of 

marine-derived nutrients to riverine food webs (Tonra et al., 2015). This information 

must be seen in context with metrics derived from all modelled scenarios, when 

alternative management options are being evaluated. 

7.3 Conclusions 

My first overarching goal was to characterize the existing fish community in the vicinity 

of the MGS and further establish flow ecology relationships between fish assemblages 
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and meso-scale habitat, which built the foundation of the habitat modelling framework 

presented in this dissertation. Based on results from the extensive fisheries monitoring 

programme of MAES, I conclude that the relative high diversity of fishes in the vicinity 

of the MGS in combination with variable and often contrasting habitat needs require a 

community – level approach to model fish-habitat relationships and guide river 

management. Fish assemblages that could be identified in this dissertation represent 

meso-scale habitat use of fish species in the SJR during the critical summer low-flow 

period; thus, they exemplify suitable target groups to quantifying changes in critical 

habitat. Linking the occurrence of species to meso-scale (i.e., lower granularity) 

distribution of HMUs also reflects the natural mobility of fish better than traditional 

micro-scale (i.e., higher granularity) models. Furthermore, community-level approaches 

also consider habitat requirements of rare or elusive species, in contrast to standard 

single species models that typically focus on common and abundant species. As 

presented in Chapter 3 and 4, there are various factors, such as gear type selectivity and 

time of sampling, that result in imperfect detection of fish species and influence 

community assessments and clustering of fish assemblages. These limitations should be 

considered and taken into account when planning and performing ecohydraulic studies 

in the future (see section 7.4). 

 

The second and main goal of this dissertation was to 1) quantify changes in habitat 

conditions resulting from future regulated or hydro-climatically driven flow regimes 

downstream the MGS and 2) identify fish assemblages that were expected to be most 

susceptible to habitat limitations during the critical summer low flow period. A fuzzy 
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logic approach, based on meso-scale habitat use information and expert knowledge of 

multiple fish biologists, was combined with a high resolution, 2D hydrodynamic model 

of a 20 km reach downstream the MGS, to quantify changes in availability of critical 

habitat. Based on the model validation and uncertainty analysis outlined in Chapter 5, I 

conclude that the SJR habitat model presented in this dissertation accurately predicts the 

spatial patterns of meso-scale HMUs under variable flow scenarios and provides a useful 

metric of habitat quality for different fish assemblages. To support an informed decision 

process regarding the future of the MGS and selection of environmental flows, the 

potential effects of climate change and variable management options need to be 

considered. Modelling predictions presented in Chapter 6 suggest that alteration of the 

historic flow regime caused by the construction of the MGS resulted in an increase in 

duration and frequency of stress events during the summer low flow period for each of 

the fish assemblages. Furthermore, as compared to the present-day situation, a dam 

removal under future flow conditions would involve a decrease in duration of stress 

events for fish communities (18 days for meso-scale; 0 days for micro-scale predictions). 

 

Does summer low flow represent a seasonal bottleneck period for certain fish 

assemblages as often suggested in the literature (e.g., Bradford & Heinonen, 2008; 

Rosenfeld, 2017)? Unfortunately, this research question cannot be answered yet, since 

conclusions regarding a seasonal bottleneck can only be drawn if community surveys are 

extended to all seasons, which has been successfully done for single species (see Carlson 

et al., 2008 and references therein for salmonids). Harsh seasonal conditions such as 

winter with ice cover or high flows in spring constrain methodologies to sample fish 
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communities; however, recent advances in the environmental (e)DNA metabarcoding 

approach may provide solutions (Milhau et al., 2019). Modelling approaches, as 

presented in this dissertation, can be extremely useful in designing or optimizing 

seasonal sampling strategies, through identifying high quality habitat that indicate 

species presence and river reaches that experience a temporal decline in habitat 

availability due to variation in flow. For the latter, the presented habitat model suggests 

limitation in habitat availability for rheophilic species in the vicinity of MGS under 

current summer low flow conditions. In detail, habitat availability for rheophilic species 

ranged from 12 to 28% (Meso-scale) and 16 to 25% (Micro-scale) of the wetted channel 

area depending on flow conditions. Furthermore, average habitat availability during 

summer low flows did not exceed 20% of the wetted channel area in 67% (Meso-scale) 

and 74% (Micro-scale) of the years since the construction of the MGS. These results 

highlight the importance to identify and survey critical habitat (i.e., hydraulic and 

thermal refugia) beyond the focused study reach and extend habitat models and 

restoration designs to other seasons using additional sampling methods and available 

information of functional trait strategies of species. 

To consider contrasting habitat requirements of fish communities in the SJR, the 

findings of this research have been applied to recommend hydropower management of 

the MGS. 

7.4 Recommendations and implications 

Current operations at the MGS are mainly targeted to meet diurnal consumer demand for 

electricity and maintaining water levels in the reservoir for efficient turbine use as well 
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as attraction flows for fish trapping (Monk et al., 2018). Consequently, these factors alter 

the natural flow regime on multiple scales ranging from increased minimum low flows 

in the summer to intra-daily hydropeaking. The selection of the Life-Achievement 

Option in the Mactaquac Project maintains this status quo. Model projections comparing 

the current flow regime to a proposed dam renewal scenario with prescribed 

environmental flows suggest significant improvement in habitat conditions for fish 

communities downstream the MGS during the summer low flow period. Thus, the first 

recommendation that does not affect any existing structures is to implement the 

environmental flow framework as proposed by Monk et al., (2018), and manage water 

levels according to seasonal and inter-daily habitat requirements of multiple biota. 

However, the proposed environmental flow framework does not account for intra-daily 

fluctuations in flow as a response to diurnal consumer demand (i.e., hydropeaking; see 

7.5 Future research). Our models indicate contrasting effects on habitat availability for 

fish assemblages when proposed environmental flows deviate from daily median values. 

This highlights the challenge to manage dam release in a way to specifically target 

conservation needs of a key group of species (e.g., rheophilic species) without causing 

detrimental effects to species with contrasting habitat requirements (e.g., limnophilic 

species) and remain compatible with power generation operations.  

In addition, habitat requirements of species change with season and life stage. As a 

result, my second recommendation is to continue fish community monitoring in the SJR 

and extend surveys to seasons other than the summer period, to gain better insights in 

population and community dynamics of imperiled species (see 7.5 Future research).  
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Considering all available management scenarios, the best possible option strictly from 

the fish ecology and fish passage point of view would be returning the river to its natural 

free flowing state and removing all existing barriers. Dam removal as a restoration 

strategy has become increasingly important, as numerous aging dams worldwide 

approach the end of their service life and require cost-intensive restoration efforts to 

meet environmental standards. While hundreds of small dams have been 

decommissioned and removed in the last decades in North America (Magilligan et al., 

2016), only one large-scale restoration project at the Elwha River in Washington, U.S.A, 

with two dams removed, has been extensively documented to date (East et al., 2015). 

Ecological responses to removing dams include restoration of the flow, temperature, and 

sediment regime as well as habitat connectivity (Bednarek, 2001; Bellmore et al., 2019), 

which are all desirable objectives and would be recommended from an ecological 

perspective. However, in many cases a dam removal strategy may not be in line with a 

regions’ energy development plan, which can be currently seen in Europe, with over 

8700 planned hydropower projects (WWF et al., 2019) and many other parts in the 

world that experience a boom in hydropower dam construction (Zarfl et al., 2015). In 

conclusion, decision makers require the use of models such as those presented in this 

dissertation and others in MAES, that help weighing their options and balance 

expectations of both hydropower demand and conservation needs for the environment. 

The fate and management options for aging hydropower infrastructure remains a 

controversial and important issue that governs debates regarding current and future 

projects in Canada and internationally. 
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7.5 Possible next steps for future research 

Lessons learned during the course of this project open avenues for future research. An 

important step in the next phase of MAES will be extending the SJR habitat model with 

a temperature component to assess habitat impacts for flow/temperature regime changes 

during dam construction, future environmental flow regimes, and predicted climate 

changes. Consequently, the evaluation of critical stress events during the summer low 

flow period can be extended by thermal habitat conditions, that play a critical role in 

habitat selection and fitness of fishes (Caissie, 2006; Jarić et al., 2019). Overall, results 

presented in this dissertation were representative for a large part but not for the whole 

fish community. Schwartz (2016) proposed river restoration designs that link species’ 

functional traits to mesohabitat use during different seasons and Gwinn et al., (2016) 

suggested various designs, such as species occupancy modelling, to account for 

imperfect or variable detection of species during sampling events. The recommendation 

to expand fish community surveys to other seasons and improve sampling designs for 

determining flow-ecology relationships will involve exploring both concepts and 

adapting the monitoring program accordingly. A combination of traditional surveying 

methods (i.e., boat electrofishing, seine and fyke netting), tracking of fish movements 

and emerging new techniques such as eDNA metabarcoding will be necessary to fill 

ecological knowledge gaps in different seasons. These modifications should result in a 

growing body of empirical habitat use data that can be used to calibrate expert-based 

models, and consequently improve predictive performance of habitat selection, 

distribution and abundance of multiple species.  
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Particularly, research questions related to the winter ecology of most species remain to 

be answered. In context of MAES, important knowledge gaps are identifying locations 

of overwintering habitat for many species including potential effects of dam operation 

on survival rates during this critical time of the year. Ice forms can differentially affect 

overwintering habitat (Cunjak, 1996; Linnansaari et al., 2009) and fish behaviour 

(Linnansaari & Cunjak 2013), and key processes such as ice formation or ice break-up 

are known to be influenced by dam operation, with effects on survival, abundance and 

diversity of various biota (Monk et al., 2018). 

Furthermore, modelling habitats to predict responses for non-fish biota should be 

considered to gain a whole ecosystem perspective. For example, freshwater mussels are 

known to be susceptible to flow regulation and the effects of hydropeaking, due to their 

varied habitat requirements and complex life histories (Gates et al., 2015) and 

differences in mussel community structure adjacent to MGS and other reaches in the 

lower SJR have been documented (Wegscheider et al. 2019). The initial environmental 

flow framework for the Saint John River (Monk et al., 2018) has been focused at the 

broader spatial (watershed- or regional- scale) and temporal (inter-daily, inter-season 

and inter-year) scale and has not yet considered site-scale, intra-day processes associated 

with the flow variability of hydropeaking. Long term hourly flow records at the MGS in 

combination with the presented hydraulic – habitat model may allow exploring fine 

scale processes of biota at our focused impact reach, and identify potential adverse 

effects of hydropeaking on sensitive life stages throughout the year. Significant 

improvement and lowered cost in high-resolution remote sensing techniques allow 

quantifying aquatic habitats at the reach and watershed scale (Bizzi et al., 2016). 
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Consequently, several studies conclude that future development of habitat models will 

gravitate more towards broad-scale approaches of spatially continuous, spatially explicit, 

quantitative measurements (Carbonneau et al., 2012; Wyrick et al., 2014). Quantifying 

riverine habitat in an era of “Big Data” will require exploring data–driven techniques 

such as unsupervised machine learning algorithms, to reveal patterns in habitat 

characteristics and delineate habitat patches. Expanding the SJR habitat model beyond 

the focused impact reach enables examining predictions across time and space at the 

catchment scale and develop metrics of habitat connectivity for several migratory 

species (Buddendorf et al., 2017; Fabris et al., 2017). Fish migrations may serve 

different life stages for various purposes, such as feeding and growth (feeding 

migration), spawning (reproductive migration) or seeking refuge from harsh 

environmental conditions (refuge migration) (Radinger & Wolter, 2014; Silva et al., 

2018). For the latter, the low quantity of available summer habitat for rheophilic species 

in the vicinity of the MGS emphasizes the need to identify hydraulic and thermal refugia 

beyond the focused study area of MAES. Moreover, an increased understanding of 

habitat connectivity will also be needed to evaluate the emerging threats of invasive 

macrophytes (Eurasian milfoil, Myriophyllum spicatum) in the SJR system (Bruce et al., 

2018). Continued monitoring of multiple stressors will be crucial in the future, as 

numerous large rivers worldwide face similar issues regarding aging infrastructure and a 

changing climate. 
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Appendix 1 

Supporting Information for Chapter 3 

 

Chapter 3: Diel patterns in spatial distribution of fish assemblages in lentic and 

lotic habitat in a regulated river 
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5
9
 

Table S1: Mean ± SD total length of species captured in N=24 day-night paired boat electrofishing sites in the Saint John River up- 

(i.e. reservoir) and downstream (i.e. river) of the Mactaquac Generating Station, NB. All sampling (i.e. total of 24 paired day-night 

samples) occurred in representative summer conditions during the 2017 field season between June 26 and July 21. 

 

Mean Total Length ± SD 

  

  
Reservoir River  

Species 
 

Day Night Day Night Significanc

e 

American Eel Anguilla rostrata NA ± NA 41.6 ± NA 30.2

5 

± 7.77 28.7

9 

± 10.7

6 

 

Banded Killifish Fundulus diaphanus 6.5 ± 1.69 5.72 ± 0.34 6.9 ± 1.5 6.74 ± 0.92  

Brown Bullhead Ameiurus nebulosus 20.8

4 

± 4.23 19.8

4 

± 5.07 22.7

2 

± 3.12 20.6

2 

± 5.79  

Burbot Lota lota NA ± NA NA ± NA NA ± NA 14.3 ± NA  
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Chain Pickerel Esox niger NA ± NA 20.8 ± NA NA ± NA 36.6

5 

± 10.5

4 

 

Common Shiner Notropis cornutus 14.5

5 

± 4.45 9.87 ± 2.23 7.06 ± 1.42 7.64 ± 1.69 Res** 

Fallfish Semotilus corporalis 14.7

6 

± 5.03 16.9 ± 5.08 19.2 ± NA 18.9

1 

± 5.22 Res* 

Gaspereau Alosa sp. NA ± NA 25.2

1 

± 4.57 NA ± NA 10.0

1 

± 4.4  

Golden Shiner Notemigonus 

cryosoleucas 

12.9

4 

± 3.91 12.0

6 

± 3.31 11.7

5 

± 1.63 12.1

2 

± 1.48  

Lake Chub Couesius plumbeus NA ± NA NA ± NA NA ± NA 9.78 ± 1.88  

Largemouth Bass Micropterus salmoides NA ± NA 16.0

5 

± 7.71 NA ± NA NA ± NA  

Muskellunge Esox masquinongy NA ± NA NA ± NA NA ± NA 99.2 ± NA  



 

 

 

2
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Pumpkinseed 

Sunfish 

Lepomis gibbosus 12.9

2 

± 4.77 10.2 ± 2.93 11.7

7 

± 1.14 10.8

5 

± 3.32 Res*** 

Sea Lamprey Petromyzon marinus NA ± NA NA ± NA 8.2 ± NA 8.2 ± NA  

Shortnose Sturgeon Acipenser brevirostrum NA ± NA NA ± NA NA ± NA 89.4 ± 0.57  

Smallmouth Bass Micropterus dolomieui 21.1

1 

± 14.3

4 

29.0

9 

± 9.36 19.4

8 

± 15.0

9 

20.8

4 

± 11.1

3 

Res* 

Striped Bass Morone saxatilis NA ± NA NA ± NA NA ± NA 47.7

5 

± 1.91  

White Perch Morone americana 8.8 ± 2.3 13.0

9 

± 5.89 15.6

5 

± 1.91 15.2

5 

± 2.21 Res* 

White Sucker Catostomus commersoni 33.5

4 

± 10.0

9 

28.3

3 

± 16.7

1 

22.5

9 

± 12.8

2 

15.5

9 

± 13.7

3 

 

Yellow Perch Perca flavescens 11.0

2 

± 5.09 11.6

7 

± 3.81 15.9

9 

± 4.6 16.2

8 

± 4.23  
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Table S2: Results from bootstrap simulation (999 iterations) for species and location-

time combination, to estimate the minimum sampling effort (number of electrofishing 

sites) needed to approximate CPUE with mean RSE ≤ 0.2. Only species that meet these 

conditions (mean RSE ≤ 0.2) are listed. Mean RSE with upper and lower confidence 

interval are shown in brackets. 

 

 River Reservoir 

Species Day Night Day Night 

American Eel 20 

(0.18; 0.13-

0.23) 

15 

(0.18; 0.12-

0.24) 

NA NA 

Banded 

Killifish 

145 

(0.20; 0.17-

0.24) 

130 

(0.20; 0.17-

0.23) 

110 

(0.20; 0.17-

0.23) 

100 

(0.20; 0.16-

0.24) 

Brown Bullhead 50 

(0.20; 0.15-

0.24) 

55 

(0.20; 0.16-

0.24) 

25 

(0.19; 0.14-

0.24) 

40 

(0.19; 0.16-

0.23) 

Common Shiner 110 

(0.20; 0.17-

0.23) 

45 

(0.20; 0.16-

0.25) 

185 

(0.20; 0.17-

0.24) 

75 

0.20; 0.17-

0.23) 

Fallfish 115 

(0.20; 0.16-

0.23) 

55 

(0.19; 0.16-

0.23) 

45 

(0.19; 0.16-

0.23) 

45 

(0.19; 0.16-

0.24) 

Gaspereau 35 40 95 70 
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(0.19; 0.15-

0.25) 

(0.19; 0.15-

0.24) 

(0.20; 0.17-

0.22) 

(0.20; 0.16-

0.24) 

Golden Shiner 115 

(0.20; 0.0.17-

0.23) 

NA 90 

(0.20; 0.17-

0.23) 

60 

(0.19; 0.16-

0.23) 

Lake Chub 175 

(0.20; 0.17-

0.23) 

NA NA NA 

Pumpkinseed 

Sunfish 

 

80 

(0.20; 0.16-

0.24) 

175 

(0.20; 0.17-

0.23) 

25 

(0.19; 0.15-

0.22) 

20 

(0.18; 0.14-

0.23) 

Sea Lamprey NA 120 

(0.20; 0.16-

0.24) 

NA NA 

Smallmouth 

Bass 

35 

(0.19; 0.15-

0.23) 

55 

(0.19; 0.16-

0.23) 

25 

(0.18; 0.12-

0.24) 

25 

(0.19; 0.15-

0.24) 

White Perch 60 

(0.19; 0.16-

0.24) 

55 

(0.20; 0.16-

0.24) 

40 

(0.20; 0.16-

0.24) 

50 

(0.19; 0.16-

0.23) 

White Sucker 30 

(0.19; 0.15-

35 

(0.20; 0.16-

30 

(0.19; 0.15-

25 

(0.20; 0.15-
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0.24) 0.24) 0.25) 0.25) 

Yellow Perch 35 

(0.19; 0.16-

0.23) 

25 

(0.19; 0.15-

0.24) 

30 

(0.20; 0.15-

0.24) 

50 

(0.19; 0.17-

0.23) 
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Appendix 2 

Supporting Information for Chapter 4 

 

Chapter 4: Linking fish assemblages to hydro-morphological units in a large 

regulated river 

 

Definition of fish guilds and fish assemblages after Stroud et al. (2015) 

Community: a group of interacting species populations occurring together in space 

Assemblage: a taxonomically related group of species that occur together in space and 

time. 

Guild: reflect a group of species utilizing a shared resource. 

• Functional guild: a group of functionally similar species that exploit the same 

class of resources in a similar way  

• Taxonomical guild: a group of taxonomically related species that exploit the same 

class of resources in a similar way 

References 

Stroud, J. T., Bush, M. R., Ladd, M. C., Nowicki, R. J., Shantz, A. A., & Sweatman, J. 

(2015). Is a community still a community? Reviewing definitions of key terms in 

community ecology. Ecology and Evolution, 5(21), 4757–4765. 

https://doi.org/10.1002/ece3.1651 
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Table S3 Coordinates of the study sites with specific survey dates and the gear types 

used for each site and HMU 

Site ID Latitude Longitude Date Gear Type HMU 

BS1_2016 45.96452 -66.66797 2016-08-09 Beach Seine Slackwater 

BS2_2016 45.9646 -66.66726 2016-08-09 Beach Seine Slackwater 

BS3_2016 45.96622 -66.66013 2016-08-09 Beach Seine Slackwater 

BS4_2016 45.96661 -66.65898 2016-08-09 Beach Seine Slackwater 

FN1_2016 - - 2016-08-09 Fyke Net Pool 

FN2_2016 45.991346 -66.816398 2016-08-09 Fyke Net Pool 

BS5_2016 45.9607 -66.82674 2016-08-10 Beach Seine Slackwater 

BS6_2016 45.96318 -66.825 2016-08-10 Beach Seine Slackwater 

BS7_2016 45.95895 -66.8301 2016-08-10 Beach Seine Slackwater 

FN3_2016 45.95974 -66.82468 2016-08-10 Fyke Net Pool 

FN4_2016 45.95907 -66.82867 2016-08-10 Fyke Net Pool 

FN5_2016 45.9607 -66.82291 2016-08-15 Fyke Net Pool 

FN6_2016 45.9785 -66.74899 2016-08-15 Fyke Net Pool 

BS10_2016 - - 2016-08-16 Beach Seine Slackwater 

BS8_2016 45.97499 -66.74678 2016-08-16 Beach Seine Slackwater 

BS9_2016 45.97406 -66.7503 2016-08-16 Beach Seine Slackwater 

FN7_2016 45.97483 -66.74889 2016-09-06 Fyke Net Pool 

FN8_2016 45.98846 -66.8007 2016-09-06 Fyke Net Pool 

BS11_2016 45.9900056 -66.7962 2016-09-07 Beach Seine Slackwater 

FN10_2016 45.9621833 -66.8277417 2016-09-07 Fyke Net Pool 

FN9_2016 45.99254 -66.81292 2016-09-07 Fyke Net Pool 

BP2_2016 45.97083 -66.82212 2016-09-26 Backpack Efish Riffle 
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BP4_2016 45.97306 -66.77706 2016-10-07 Backpack Efish Riffle 

BP5_2016 45.97365 -66.77708 2016-10-07 Backpack Efish Riffle 

BP7_2016 45.97658 -66.77471 2016-10-11 Backpack Efish Riffle 

BP8_2016 45.97654 -66.77452 2016-10-11 Backpack Efish Riffle 

Efish1_2016 45.97317 -66.689023 2016-10-25 Boat Efish Pool 

Efish13_2016 45.972145 -66.683352 2016-10-25 Boat Efish Pool 

Efish2_2016 45.976568 -66.69859 2016-10-25 Boat Efish Pool 

Efish6_2016 45.972938 -66.698993 2016-10-25 Boat Efish Pool 

Efish0_2016 45.97482 -66.723865 2016-10-26 Boat Efish Pool 

Efish38_2016 45.97161 -66.750363 2016-10-26 Boat Efish Run 

Efish4_2016 45.975855 -66.721858 2016-10-26 Boat Efish Pool 

Efish5_2016 45.977279 -66.751214 2016-10-26 Boat Efish Pool 

Efish7_2016 45.980728 -66.761976 2016-10-26 Boat Efish Pool 

Efish8_2016 45.975773 -66.703313 2016-10-26 Boat Efish Pool 

Efish15_2016 - - 2016-10-27 Boat Efish Pool 

Efish3_2016 45.970702 -66.798664 2016-10-27 Boat Efish Pool 

Efish31_2016 45.969423 -66.808708 2016-10-27 Boat Efish Run 

Efish32_2016 45.971059 -66.778206 2016-11-01 Boat Efish Run 

Efish34_2016 45.972047 -66.752019 2016-11-01 Boat Efish Run 

Efish35_2016 45.968997 -66.755005 2016-11-01 Boat Efish Run 

Efish36_2016 45.972881 -66.771724 2016-11-01 Boat Efish Run 

Efish37_2016 45.971005 -66.771812 2016-11-01 Boat Efish Run 

Efish9_2016 45.987755 -66.7798 2016-11-01 Boat Efish Pool 

BP1_2017 45.96746 -66.82059 2017-05-07 Backpack Efish Riffle 
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FN1_2017 45.97648 -66.75121 2017-06-13 Fyke Net Pool 

FN2_2017 45.97157 -66.72742 2017-06-13 Fyke Net Pool 

FN3_2017 45.97269 -66.75534 2017-06-13 Fyke Net Pool 

FN4_2017 45.97585 -66.75105 2017-06-13 Fyke Net Pool 

BS1_2017 45.9743 -66.75056 2017-06-14 Beach Seine Slackwater 

BS2_2017 45.97103 -66.74792 2017-06-14 Beach Seine Slackwater 

BS3_2017 45.96436 -66.67437 2017-06-14 Beach Seine Slackwater 

BS4_2017 45.97133 -66.67548 2017-06-14 Beach Seine Slackwater 

BS5_2017 NA NA 2017-06-15 Beach Seine Slackwater 

BS6_2017 - - 2017-06-15 Beach Seine Slackwater 

BS7_2017 45.97232 -66.7206 2017-06-15 Beach Seine Slackwater 

BS8_2017 45.97585 -66.69228 2017-06-15 Beach Seine Slackwater 

FN5_2017 45.96183 -66.83028 2017-06-15 Fyke Net Pool 

FN6_2017 45.96007 -66.82354 2017-06-15 Fyke Net Pool 

FN7_2017 45.97193 -66.66734 2017-06-15 Fyke Net Pool 

FN8_2017 45.97663 -66.6983 2017-06-15 Fyke Net Pool 

Efish1_2017 45.966039 -66.683279 2017-06-19 Boat Efish Pool 

Efish2_2017 45.971601 -66.679791 2017-06-19 Boat Efish Pool 

Efish3_2017 45.974661 -66.722603 2017-06-19 Boat Efish Pool 

Efish4_2017 45.96864 -66.743934 2017-06-19 Boat Efish Pool 

Efish5_2017 45.971322 -66.768954 2017-06-20 Boat Efish Run 

Efish6_2017 45.97289 -66.769982 2017-06-20 Boat Efish Run 

Efish7_2017 45.970456 -66.800418 2017-06-20 Boat Efish Run 

Efish8_2017 45.96984 -66.805868 2017-06-20 Boat Efish Run 
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Efish9_2017 45.97089 -66.789365 2017-06-20 Boat Efish Run 

Efish10_2017 45.961682 -66.828679 2017-06-22 Boat Efish Pool 

Efish11_2017 45.959341 -66.826868 2017-06-22 Boat Efish Pool 

Efish12_2017 45.962511 -66.820791 2017-06-22 Boat Efish Pool 

Efish13_2017 45.96687 -66.814258 2017-06-22 Boat Efish Run 

Efish14_2017 45.991666 -66.814992 2017-06-23 Boat Efish Pool 

Efish15_2017 45.992736 -66.81499 2017-06-23 Boat Efish Pool 

Efish16_2017 45.98861 -66.800139 2017-06-23 Boat Efish Pool 

Efish17_2017 45.989149 -66.792333 2017-06-23 Boat Efish Pool 

BP3_2017 45.97651 -66.7747 2017-07-10 Backpack Efish Riffle 

BP4_2017 - - 2017-07-11 Backpack Efish Riffle 

BP6_2017 45.97655 -66.77459 2017-07-11 Backpack Efish Riffle 

FN10_2017 45.96419 -66.67005 2017-07-11 Fyke Net Pool 

FN11_2017 45.97282 -66.75531 2017-07-11 Fyke Net Pool 

FN12_2017 45.97489 -66.74877 2017-07-11 Fyke Net Pool 

FN9_2017 45.96419 -66.67005 2017-07-11 Fyke Net Pool 

BS10_2017 45.959561 -66.82506 2017-07-13 Beach Seine Slackwater 

BS11_2017 45.96481 -66.6659 2017-07-13 Beach Seine Slackwater 

BS12_2017 45.96647 -66.65854 2017-07-13 Beach Seine Slackwater 

BS9_2017 45.96301 -66.82547 2017-07-13 Beach Seine Slackwater 

FN13_2017 45.96192 -66.82799 2017-07-13 Fyke Net Pool 

FN14_2017 45.96006 -66.82362 2017-07-13 Fyke Net Pool 

FN15_2017 45.98477 -66.82188 2017-07-13 Fyke Net Pool 

FN16_2017 45.98898 -66.82388 2017-07-13 Fyke Net Pool 
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BS13_2017 45.98843 -66.82171 2017-07-14 Beach Seine Slackwater 

BS14_2017 45.98369 -66.81641 2017-07-14 Beach Seine Slackwater 

BS15_2017 45.97459 -66.7545 2017-07-14 Beach Seine Slackwater 

BS16_2017 45.97469 -66.75073 2017-07-14 Beach Seine Slackwater 

Efish18_2017 45.971047 -66.775556 2017-07-24 Boat Efish Run 

Efish19_2017 45.970763 -66.763389 2017-07-24 Boat Efish Run 

Efish20_2017 45.977065 -66.750953 2017-07-24 Boat Efish Run 

Efish22_2017 45.972928 -66.748022 2017-07-24 Boat Efish Pool 

Efish21_2017 45.969981 -66.801974 2017-07-25 Boat Efish Run 

Efish23_2017 45.963662 -66.846289 2017-07-25 Boat Efish Pool 

Efish24_2017 45.95953 -66.827315 2017-07-25 Boat Efish Pool 

Efish25_2017 45.971277 -66.7879 2017-07-25 Boat Efish Pool 

Efish26_2017 45.969981 -66.801974 2017-07-25 Boat Efish Run 

Efish27_2017 45.971159 -66.775012 2017-08-15 Boat Efish Run 

Efish28_2017 45.970741 -66.763345 2017-08-15 Boat Efish Run 

Efish29_2017 45.967744 -66.748595 2017-08-15 Boat Efish Pool 

Efish30_2017 45.971596 -66.747444 2017-08-15 Boat Efish Pool 

Efish31_2017 45.970883 -66.733609 2017-08-15 Boat Efish Pool 

Efish32_2017 45.976533 -66.735179 2017-08-16 Boat Efish Pool 

Efish33_2017 45.9756 -66.709993 2017-08-16 Boat Efish Pool 

Efish34_2017 45.970999 -66.674837 2017-08-16 Boat Efish Pool 

Efish35_2017 45.971907 -66.657339 2017-08-16 Boat Efish Pool 

Efish36_2017 45.966815 -66.65796 2017-08-16 Boat Efish Pool 

Efish37_2017 45.963733 -66.846893 2017-08-17 Boat Efish Run 
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Efish38_2017 45.959146 -66.831275 2017-08-17 Boat Efish Pool 

Efish39_2017 45.960873 -66.823025 2017-08-17 Boat Efish Pool 

FN17_2017 45.98421 -66.76862 2017-08-21 Fyke Net Pool 

FN18_2017 45.97641 -66.69593 2017-08-21 Fyke Net Pool 

FN19_2017 45.97468 -66.70823 2017-08-21 Fyke Net Pool 

BS17_2017 45.97471 -66.70822 2017-08-22 Beach Seine Slackwater 

BS18_2017 45.97487 -66.68831 2017-08-22 Beach Seine Slackwater 

BS19_2017 45.97618 -66.69424 2017-08-22 Beach Seine Slackwater 

BS20_2017 45.97446 -66.70876 2017-08-22 Beach Seine Slackwater 

FN20_2017 45.57378 -66.492283 2017-08-23 Fyke Net Pool 

FN21_2017 45.9615 -66.83031 2017-08-23 Fyke Net Pool 

FN22_2017 45.96196 -66.82165 2017-08-23 Fyke Net Pool 

Efish40_2017 45.991846 -66.816555 2017-09-11 Boat Efish Pool 

Efish41_2017 45.992643 -66.815671 2017-09-11 Boat Efish Pool 

FN23_2017 45.99174 -66.81442 2017-09-11 Fyke Net Pool 

FN24_2017 45.99213 -66.81145 2017-09-11 Fyke Net Pool 

Efish42_2017 45.971001 -66.775639 2017-09-13 Boat Efish Run 

Efish43_2017 45.97042 -66.762738 2017-09-13 Boat Efish Run 

Efish44_2017 45.976848 -66.75063 2017-09-13 Boat Efish Run 

Efish45_2017 45.972867 -66.74821 2017-09-13 Boat Efish Pool 

Efish46_2017 45.967077 -66.658288 2017-10-17 Boat Efish Pool 

Efish47_2017 45.971974 -66.656065 2017-10-17 Boat Efish Pool 

Efish48_2017 45.971922 -66.651409 2017-10-17 Boat Efish Pool 

Efish49_2017 45.971364 -66.668665 2017-10-17 Boat Efish Pool 
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Efish50_2017 45.967562 -66.748046 2017-10-18 Boat Efish Pool 

Efish51_2017 45.971335 -66.740139 2017-10-18 Boat Efish Pool 

Efish52_2017 45.975608 -66.751205 2017-10-18 Boat Efish Run 

Efish53_2017 45.96364 -66.845984 2017-10-23 Boat Efish Pool 

Efish54_2017 45.959483 -66.827832 2017-10-23 Boat Efish Pool 

Efish55_2017 45.960459 -66.823792 2017-10-23 Boat Efish Pool 

Efish56_2017 45.9674 -66.813923 2017-10-23 Boat Efish Pool 

 

 

 

Figure S1. Study area with reach scale habitat types downstream the Mactaquac 

Generating station. 
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Appendix 3 

Supporting Information for Chapter 5 

Chapter 5: The role of spatial scales, hydrodynamic modelling and expert opinion 

in predicting fish habitat suitability 

 

Fuzzy logic approach and elicitation of expert knowledge 

Fuzzy logic represents a suitable tool to describe imprecise and uncertain knowledge in 

solving ecological questions. A fuzzy system includes two parts; 1) the fuzzy sets that 

define the degree of membership of a habitat variable to a given category and 2) fuzzy 

rules that define the consequence of different habitat combinations to the target species. 

Fuzzy sets are simple, linear or non-linear functions, defining a degree of membership 

(DM) to a category represented by a range of values of a habitat variable. This DM is 

quantified by a membership function, varying from 0 (the value does not belong at all to 

the category) to 1 (the value belongs fully to the category). In a general case, several 

simple functions can be used to define the DM. However, for the specific application in 

the Saint John River, we predetermined that only four parameter “Trapezoidal” (Figure 

5.3) functions were used by the experts.  

15 experts, representing research institutions in New Brunswick, Nova Scotia (CAN) 

and Maine (US) were interviewed in individual sessions. All experts hold at least a 

university degree in fish ecology or a comparable field and have distinct applied 

knowledge on the habitat requirements of riverine fish documented in the Saint John 
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River. First task for each expert was to define the bounds of each fuzzy set (upper and 

lower limits, beginning and end of the horizontal portion for the trapezoidal function). 

Fuzzy sets were defined at two levels of assessment. On the micro-scale, flow velocity, 

water depth and dominant substrate particle size were selected as input parameters, 

whereas on the meso-scale, cover was added as a fourth variable. The process of 

transitioning values (i.e. input parameters) from the real domain to fuzzy space is called 

fuzzification. Categories for physical attributes varied between spatial scales and are 

presented in Table 5.2 in the main text. Fuzzy sets for the categories (i.e. low, medium 

and high) of the output variable (i.e. HSI) were predetermined and not changed by the 

experts. 

Fuzzy rules are the next step in the process. Fuzzy rules allow the combination of 

different fuzzy sets of variables using IF-THEN operators. IF- THEN rules define how 

these sets combine with each other, and result in a habitat suitability index, i.e., describe 

the most likely consequence of the rule for the target biota. An example of a fuzzy-rule 

for a rheophilic (i.e., flow-preferring) fish guild could be: If flow velocity is high AND 

water depth is moderate AND substrate particle size is moderate THEN habitat 

suitability is high. This concept was also applied to classify mesohabitat types, i.e. if 

flow velocity is high and water depth is shallow than the HMU is “Riffle”. 

The product-inference-method was used to calculate the degree of fulfilment (DOF) for 

each rule. Next, rules were aggregated for each cell, using the weighted sum method. 

The final process of transforming the final fuzzy set into a crisp number is called 

defuzzification, and provides a HSI value between 0 and 1, with 0 representing 
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unsuitable habitat and 1 optimal habitat conditions. By default, CASiMiR selects the 

center of gravity method to obtain a HSI value from the fuzzy set output. 

 

 

Uncertainty analysis: Variation in expert judgement 

To quantify the variability among expert judgment and resulting uncertainty in predicted 

HMUs and habitat suitability, we adopted the four-step procedure as described in 

Radinger et al (2017). First, the 15 different sets of fuzzy membership functions and 

fuzzy rules were applied on i) a hypothetical flow field, covering all possible 

combinations of habitat parameters and ii) the modelled 20km reach downstream the 

MGS representing more realistic habitat conditions. Second, for each combination of 

habitat parameters in the hypothetical flow field, average and standard deviation of 

output metrics across all 15 simulations were computed. For predicted HMUs the output 

metric was degree of membership (DM) to a habitat class (for mean-DM see Figure 5.6 

in Chapter 5 and for sd- DM see Figure S2 in the supporting information), whereas for 

habitat quality the output metric was habitat suitability (HSI). 

Third, boosted regression trees (Elith et al., 2008) were calculated to relate sd-HSI to 

input habitat parameters, to assess if velocity, depth, substrate particle size or cover have 

the biggest effect on dispersion in expert judgment (Table 5.3 in the main text). 

Additionally, we compared expert fuzzy rule consequences using Gwet’s (2010) AC2 

coefficient of inter-rater reliability and its associated 95% confidence levels as a 

measure of agreement in the expert judgments ranging from 0 (total disagreement) to 1 

(perfect agreement), while simultaneously correcting for any agreement by chance 
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(Gwet, 2010, Table S4). Lastly, we applied for each possible combination of habitat 

suitability classes, van der Eijk’s measure of agreement (Eijk’s A) and Leik’s D as a 

measure of ordinal dispersion among experts (Figure 5.7 in the main text and Table S5 

to S12 in the supporting information). For a detailed description of the evaluation 

procedure and presented metrics see Radinger et al., (2017). 1-Leik’s D ranges from 0 

(perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect 

bimodality) over 0 (perfect uniformity) to 1 (perfect unimodality =agreement). 
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Figure S2 Dispersion in expert judgment in selecting hydraulic thresholds (i.e. water 

depth and flow velocity) to delineate HMUs. A= Pool, B= Riffle, C= Run, D= 

Slackwater 
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Table S4 Gwet’s AC2 agreement coefficient of inter-rater reliability and its associated 95 % confidence interval (CI) 

representing the overall agreement among experts on micro- and meso-scale habitat suitability for fish assemblages. 

AC2 scores range from 0 (total disagreement) to 1 (perfect agreement) 

 Agreement (%) Gwet’s AC2 CI (95%) 

Micro    

Eurytopic 76 0.41 0.29 – 0.52 

Limnophilic 73 0.39 0.24 – 0.54 

Rheophilic 82 0.59 0.44 – 0.73 

Meso    

Eurytopic 74 0.32 0.24 – 0.40 

Limnophilic 75 0.41 0.28 – 0.54 

Rheophilic 78 0.55 0.40 – 0.70 
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Table S5 Agreement among 15 experts on habitat suitability of fish habitat assemblages for all combinations of fuzzy membership 

functions on the micro-scale for velocity (v), water depth (d) and substrate particle size (sub) represented by 1- Leik’s D and Van der 

Eijk’s A. Fuzzy rule categories: L= low, M= medium, H= high 

 Substrate 

size 

Very small  Small  Medium Large 

  Velocity (v) 

 Water 

depth (d) L M H L M H L M H L M H 

Rheophilic              

1- Leik’s D              

 L 1.00 0.93 0.80 1.00 0.87 0.67 1.00 0.60 0.27 0.93 0.33 0.20 

 M 1.00 0.40 0.60 0.93 0.47 0.47 0.87 0.53 0.53 0.80 0.67 0.73 

 H 0.93 0.40 0.40 0.87 0.47 0.47 0.80 0.60 0.53 0.60 0.73 0.67 

Eijk’s A              

 L 0.93 0.40 0.33 0.87 0.27 0.27 0.80 0.60 0.53 0.60 0.73 0.67 

 M 1.00 0.93 0.80 1.00 0.87 0.67 1.00 0.60 0.20 0.93 0.33 -0.13 
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 H 1.00 0.33 0.60 0.93 0.20 0.40 0.87 0.53 0.53 0.80 0.67 0.73 

              

Eurytopic              

1- Leik’s D              

 L 0.73 0.67 0.40 0.53 0.67 0.60 0.60 0.80 0.93 0.93 0.60 0.53 

 M 0.33 0.47 0.80 0.67 0.40 0.47 0.67 0.40 0.80 0.73 0.47 0.53 

 H 0.27 0.40 0.53 0.40 0.60 0.60 0.33 0.27 0.87 0.80 0.53 0.47 

Eijk’s A              

 L 0.73 0.67 0.40 0.47 0.67 0.60 0.53 0.73 0.93 0.93 0.60 0.53 

 M 0.13 0.20 0.80 0.60 0.13 0.27 0.67 0.33 0.80 0.73 0.40 0.47 

 H 0.20 0.13 0.47 0.40 0.40 0.47 0.33 0.13 0.87 0.80 0.53 0.47 

              

Limnophilic              

1- Leik’s D              

 L 0.27 0.33 0.20 0.20 0.73 0.67 0.40 0.40 0.87 0.80 0.80 0.67 

 M 0.20 0.40 0.40 0.47 0.67 0.67 0.47 0.40 0.87 0.80 0.80 0.67 
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 H 0.40 0.47 0.53 0.67 0.47 0.53 0.53 0.40 0.80 0.73 0.80 0.60 

Eijk’s A              

 L -0.07 0.00 -0.20 -0.60 0.73 0.67 0.33 0.20 0.87 0.80 0.80 0.53 

 M -0.13 0.13 0.40 0.47 0.67 0.67 0.47 0.33 0.87 0.80 0.80 0.53 

 H 0.20 0.33 0.53 0.67 0.47 0.47 0.40 0.20 0.80 0.73 0.80 0.60 
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Table S6 Agreement among 15 experts on habitat suitability of fish habitat assemblages for all combinations of fuzzy membership 

functions on the meso-scale for velocity (v), water depth (d), substrate particle size, and cover (absent/present) represented by 1- 

Leik’s D and Eijk’s A 

  Very small substrate size Small substrate size  Medium substrate size Large substrate size 

  Velocity (v) 

 Water 

depth (d) Low High Low High Low High Low High 

Rheophilic          

1- Leik’s D          

 Low 1.00/0.96 0.69/0.64 1.00/0.96 0.64/0.64 1.00/0.91 0.64/0.51 1.00/0.91 0.87/0.51 

 Medium 1.00/0.96 0.91/0.87 1.00/0.96 0.78/0.82 1.00/0.91 0.69/0.56 1.00/0.91 0.56/0.51 

 High 0.78/0.60 0.69/0.64 0.56/0.64 0.64/0.64 0.64/0.51 0.64/0.51 0.64/0.51 0.87/0.51 

Eijk’s A          

 Low 1.00/0.96 0.91/0.87 1.00/0.96 0.78/0.82 1.00/0.84 0.56/0.42 1.00/0.84 0.42/0.31 

 Medium 1.00/0.96 0.69/0.60 1.00/0.96 0.51/0.51 1.00/0.84 0.64/0.44 1.00/0.84 0.87/0.44 
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 High 0.78/0.60 0.69/0.60 0.56/0.58 0.51/0.51 0.56/0.44 0.64/0.44 0.51/0.47 0.87/0.44 

          

Eurytopic          

1- Leik’s D          

 Low 0.78/0.60 0.96/0.78 0.69/0.64 0.87/0.69 0.73/0.73 0.60/0.64 0.82/0.64 0.64/0.60 

 Medium 0.78/0.60 0.91/0.69 0.69/0.64 0.82/0.60 0.73/0.73 0.60/0.56 0.82/0.64 0.64/0.60 

 High 0.60/0.60 0.91/0.69 0.64/0.73 0.82/0.60 0.87/0.69 0.60/0.56 0.73/0.60 0.64/0.60 

Eijk’s A          

 Low 0.71/0.47 0.91/0.64 0.69/0.64 0.82/0.42 0.64/0.73 0.47/0.42 0.73/0.64 0.47/0.42 

 Medium 0.71/0.47 0.96/0.64 0.69/0.64 0.87/0.69 0.64/0.73 0.56/0.56 0.73/0.64 0.64/0.60 

 High 0.60/0.42 0.91/0.64 0.56/0.73 0.82/0.42 0.82/0.69 0.47/0.42 0.69/0.60 0.47/0.42 

          

Limnophilic          

1- Leik’s D          

 Low 0.60/0.69 1.00/0.87 0.56/0.73 1.00/0.82 0.60/0.82 0.96/0.96 0.56/0.82 1.00/0.91 

 Medium 0.60/0.69 0.87/0.64 0.56/0.73 0.82/0.60 0.60/0.82 0.73/0.56 0.56/0.82 0.73/0.60 
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 High 0.78/0.51 0.87/0.64 0.73/0.64 0.82/0.60 0.69/0.60 0.73/0.56 0.60/0.69 0.73/0.60 

Eijk’s A          

 Low 0.60/0.69 1.00/0.87 0.51/0.73 1.00/0.82 0.47/0.82 0.96/0.96 0.51/0.82 1.00/0.91 

 Medium 0.60/0.69 0.87/0.64 0.51/0.73 0.82/0.60 0.47/0.82 0.73/0.56 0.51/0.82 0.73/0.60 

 High 0.78/0.47 0.87/0.64 0.73/0.51 0.82/0.60 0.64/0.42 0.73/0.56 0.47/0.56 0.73/0.60 
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Table S7 Habitat suitability rules for the rheophilic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d) and substrate particle size (sub) on the micro-scale as defined by 15 experts (E1-E15). Differences 

between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A (2001). 1-Leik’s 

D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 (perfect 

uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories: vl= very low, l=low, m= medium, h= high 

v d sub E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 1- Leiks D Eijk’s A 

l l vl l l l l l l l l l l l l l l l 1.00 1.00 

l l l l l l l l l l l l l l l l l l 1.00 1.00 

l l m l l l l l l l l l l l l l l l 1.00 1.00 

l l h l l l l l l l l l l l l m l l 0.93 0.93 

l m vl l l l l l l l l l l l l l l l 1.00 1.00 

l m l l l l l l l l l l l l l m l l 0.93 0.93 

l m m l l l l l l l l l m l l m l l 0.87 0.87 

l m h l l l l l l l l l m l m m l l 0.80 0.80 

l h vl l l m l l l l l l l l l l l l 0.93 0.93 
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l h l l l m l l l l l l l l l m l l 0.87 0.87 

l h m l l m l l l l l l m l l m l l 0.80 0.80 

l h h l l h l l l l l l m l m h l l 0.60 0.60 

m l vl l l l l l l m l l l l l l l l 0.93 0.93 

m l l l l l l l l m l l l l l m l l 0.87 0.87 

m l m l l m l l l m m l m m l m l l 0.60 0.60 

m l h l l h l l l h m l m m m h l l 0.33 0.33 

m m vl m h l m m l m l l m l l l m h 0.40 0.33 

m m l m h l h m m m m l h l l m m h 0.47 0.20 

m m m m h m h m h m m h h m m h m h 0.53 0.53 

m m h m h h h m h h m m h m h h h h 0.67 0.67 

m h vl m h l l l m m m l m l l l l h 0.40 0.40 

m h l m h m m l m m l m h l l m l h 0.47 0.27 

m h m m h m m l h h m h h h h h h h 0.60 0.60 
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m h h m h h m m h h m h h h h h h h 0.73 0.73 

h l vl l l l l h l l l l l l l l m l 0.80 0.80 

h l l l l l l h l l l l m l m l m l 0.67 0.67 

h l m l l m l h l m l l h m h m h l 0.27 0.20 

h l h l l h l h l m l l h m h m h l 0.20 -0.13 

h m vl m l l l h l l l l m l l l m m 0.60 0.60 

h m l m l m l h m l m l m l l l m m 0.47 0.40 

h m m m m h m h h m m m h h h m h m 0.53 0.53 

h m h m m h m h h h h h h h h h h m 0.73 0.73 

h h vl h l m l m m m m l l l l l h m 0.40 0.33 

h h l h l m l m h m m l m l m l h m 0.47 0.27 

h h m h l h m m h h h m h h h m h m 0.53 0.53 

h h h h l h m m h h h h h h h h h m 0.67 0.67 
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Table S8 Habitat suitability rules for the eurytopic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d) and substrate particle size (sub) on the micro-scale as defined by 15 experts (E1-E15). Differences 

between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A (2001). 1-Leik’s 

D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 (perfect 

uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories: vl= very low, l=low, m= medium, h= high 

v d sub E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 1- Leiks D Eijk’s A 

l l vl l l l l l l l l l l m l m h l 0.733333 0.733333 

l l l l l l l l m l l l l m l m h l 0.666667 0.666667 

l l m l l l l l m l l l m h m m h m 0.4 0.4 

l l h l l m l l m l m l m h m m m m 0.533333 0.466667 

l m vl m m l l m h l m l l h l m h h 0.333333 0.133333 

l m l m m l l m h l m m m h l m h h 0.466667 0.2 

l m m m m m m m h m m m m m m m h h 0.8 0.8 

l m h m m h h m h m m l m m m m m h 0.666667 0.6 
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l h vl h m l l h m l l l h m l m l h 0.266667 0.2 

l h l h m l l h m m l l h m m m l h 0.4 0.133333 

l h m h m m m h m m h m h m m h l h 0.533333 0.466667 

l h h h m h h h m m h l h m m h l h 0.4 0.4 

m l vl l l l l m m m l l l l l l h l 0.666667 0.666667 

m l l l l l l m m m l l l l l m h l 0.6 0.6 

m l m l l l m m m m l m m m m m h l 0.6 0.533333 

m l h l m m m m m m l m m m h m m m 0.8 0.733333 

m m vl h m l l m h m l m l m l m h h 0.4 0.133333 

m m l h m m l m h m m l m h l m h h 0.466667 0.266667 

m m m h m m m m m h m m m h m m h h 0.666667 0.666667 

m m h h l h m m m h m l h m h h m h 0.4 0.333333 

m h vl m m l m h m m m l h m m m l h 0.6 0.4 

m h l m m m m h m m h l h m m m l h 0.6 0.466667 
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m h m m l h m h m h h l h m h h l h 0.333333 0.333333 

m h h m l h m h m h h l h l h h l h 0.266667 0.133333 

h l vl l l l l l l l m l l l l l l l 0.933333 0.933333 

h l l l l l l l l l m l l l l l l l 0.933333 0.933333 

h l m l l l l l m l m l h l m m l l 0.6 0.6 

h l h l l l l l m l h l h l m m l l 0.533333 0.533333 

h m vl m l l l m l l m l l l l l l l 0.8 0.8 

h m l m l l l m l l m l m l l l l l 0.733333 0.733333 

h m m m l l m m m l h l m l m m l l 0.466667 0.4 

h m h m l l m m m l h l m l m m l m 0.533333 0.466667 

h h vl l l l l m l l m l l l l l l l 0.866667 0.866667 

h h l l l l l m l l m l m l l l l l 0.8 0.8 

h h m l l l m m l l h l m l m m l l 0.533333 0.533333 

h h h l l l m m l l h l l l h m l m 0.466667 0.466667 
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Table S9 Habitat suitability rules  for the limnophilic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d) and substrate particle size (sub) on the micro-scale as defined by 15 experts (E1-E15). Differences 

between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A (2001). 1-Leik’s 

D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 (perfect 

uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories vl= very low, l=low, m= medium, h= high 

v d sub E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 1- Leiks D Eijk’s A 

l l vl l h l l h h l l l h m m l h m 0.2 -0.13333 

l l l l h l m h h m l l h m m m h m 0.4 0.133333 

l l m l h m m h m h l h m h h m h h 0.4 0.4 

l l h l h h m h m h l m m h h h h h 0.466667 0.466667 

l m vl h h m m h h m l l h h m l m m 0.4 0.2 

l m l h h m m h h m l m h h m l m m 0.466667 0.333333 

l m m h h m h h m h l h m h h m m h 0.533333 0.533333 

l m h h h h h h m h l h m h h h m h 0.666667 0.666667 
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l h vl h h m h h l l l l h m m m l l 0.266667 -0.06667 

l h l h h m h h l m l l h m m m l l 0.333333 0 

l h m h h m h h l h l l m h h h l l 0.2 -0.2 

l h h h h h h h l h l l l h h h l l 0.2 -0.6 

m l vl l m l l l m l l l h l m l l l 0.666667 0.666667 

m l l l m l l l m l l l h l m l l l 0.666667 0.666667 

m l m l m m m l l l m l m l h m l l 0.466667 0.466667 

m l h l m h m l l m m l m l m h l l 0.4 0.333333 

m m vl l m l m m m l m l h l m l l l 0.466667 0.466667 

m m l l m m m m m l m l h m m l l l 0.533333 0.466667 

m m m l m h m m l m m l m m h m l l 0.533333 0.4 

m m h l m h m m l m m l l m h h l l 0.4 0.2 

m h vl l m m l m l l m l l l l l l l 0.733333 0.733333 

m h l l m m l m l l m l l l l m l l 0.666667 0.666667 
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m h m l m h m m l m h l l m l m l l 0.4 0.333333 

m h h m m h m m l m h l l m l h l l 0.4 0.2 

h l vl l l l l l l l m l m l l l l l 0.866667 0.866667 

h l l l l m l l l l m l m l l l l l 0.8 0.8 

h l m l l m l l l l h l l l l l l l 0.8 0.8 

h l h l l h l l l l h l l l l m l l 0.666667 0.533333 

h m vl m l m l l l l m l l l l l l l 0.8 0.8 

h m l m l m l l l l h l l l l l l l 0.733333 0.733333 

h m m m l m l l l l m l l l l l l l 0.8 0.8 

h m h m l h l l l l h l l l l m l l 0.6 0.6 

h h vl l l m l l l l m l l l l l l l 0.866667 0.866667 

h h l l l m l l l l h l l l l l l l 0.8 0.8 

h h m l l m l l l l h l l l l l l l 0.8 0.8 

h h h l l h l L l l h l l l l m l l 0.666667 0.533333 
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Table S10 Habitat suitability rules for the eurytopic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d), substrate particle size (sub) and cover (cov) on the meso-scale as defined by 15 experts (E1-E15). 

Differences between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A 

(2001). 1-Leik’s D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 

(perfect uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories: vl= very low, l=low, m= medium, h= high 

v d sub cov E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 

1- Leik’s 

D 

Eijk’s 

A 

l l l absent h h l l m l l l l l l l l l l 0.78 0.71 

l l l present h h h m h m m m l l h m m l h 0.60 0.47 

l l l absent h h l l m m l l l m l l l l l 0.69 0.69 

l l l present h h h m h h h m m m h m m l h 0.64 0.64 

l l m absent m h l m h m m m l m m l m l m 0.73 0.64 

l l m present m h h m h h h m h h h h m l h 0.73 0.73 

l l h absent m h m m m m m m l m m m m l h 0.82 0.73 

l l h present m h h h m m h h l m h h m m h 0.64 0.64 

l m l absent h h l l m l l l l l l l l l l 0.78 0.71 

l m l present h h h m h m m m l l h m m l h 0.60 0.47 

l m l absent h h l l m m l l l m l l l l l 0.69 0.69 

l m l present h h h m h h h m m m h m m l h 0.64 0.64 

l m m absent m h l m h m m m l m m l m l m 0.73 0.64 

l m m present m h h m h h h m h h h h m l h 0.73 0.73 

l m h absent m h m m m m m m l m m m m l h 0.82 0.73 

l m h present m h h h m m h h l m h h m m h 0.64 0.64 

l h l absent h m l l m h m l l l l m l l m 0.60 0.60 

l h l present h m h l m m h l l m m m h l h 0.60 0.42 
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l h l absent h m l l m m m l l m l m l h m 0.64 0.56 

l h l present h m h m m h h m l h h h h h h 0.73 0.73 

l h m absent m m l m m m m m m h m m m h m 0.87 0.82 

l h m present m m h m m h h m h h h h h l h 0.69 0.69 

l h h absent m m l m m m h m h h m m m h h 0.73 0.69 

l h h present m m h h m m h m l h h h h l h 0.60 0.60 

h l l absent l l l l m l l l l l l l l l l 0.96 0.96 

h l l present l l l l m l l m m m l l m l l 0.78 0.78 

h l l absent l l l l m m l l l m l l l l l 0.87 0.87 

h l l present l l m l m m l m m m m l m l l 0.69 0.69 

h l m absent l l l m m m l h l h m m m l l 0.60 0.56 

h l m present l l m m m m l h l m h m m l l 0.64 0.56 

h l h absent l l l m m m l h l l m m m l l 0.64 0.64 

h l h present l l l h m m l h l l h l m l l 0.60 0.60 

h m l absent l l l l l l l m l m l l l l l 0.91 0.91 

h m l present l m h m l m l m l m l m m l m 0.69 0.64 

h m l absent l l l l l m l m l m l l l m l 0.82 0.82 

h m l present l m h m l h l h m h m m h l m 0.60 0.42 

h m m absent l l l m l m m h l h m m m h l 0.60 0.47 

h m m present l m h m l h m h l h m h h l m 0.56 0.42 

h m h absent l l m m l m m h m h m h m h l 0.64 0.47 

h m h present l m h h l m m h l m m h h l m 0.60 0.42 

h h l absent l l l l l l l m l m l l l l l 0.91 0.91 

h h l present l m h m l m l m l m l m m l m 0.69 0.64 

h h l absent l l l l l m l m l m l l l m l 0.82 0.82 

h h l present l m h m l h l h m h m m h l m 0.60 0.42 

h h m absent l l l m l m m h l h m m m h l 0.60 0.47 
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h h m present l m h m l h m h l h m h h l m 0.56 0.42 

h h h absent l l m m l m m h m h m h m h l 0.64 0.47 

h h h present l m h h l m m h l m m h h l m 0.60 0.42 
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Table S11 Habitat suitability rules for the rheophilic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d), substrate particle size (sub) and cover (cov) on the meso-scale as defined by 15 experts (E1-E15). 

Differences between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A 

(2001). 1-Leik’s D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 

(perfect uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories: vl= very low, l=low, m= medium, h= high 

v d sub cov E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 

1- Leik’s 

D 

Eijk’s 

A 

l l vl absent l l l l l l l l l l l l l l l 1.00 1.00 

l l vl present l l l l l l l l l l l l l l m 0.96 0.96 

l l l absent l l l l l l l l l l l l l l l 1.00 1.00 

l l l present l l l l l l l l l l l l l l m 0.96 0.96 

l l m absent l l l l l l l l l l l l l l l 1.00 1.00 

l l m present l l l l l l l l l l l l l l h 0.91 0.84 

l l h absent l l l l l l l l l l l l l l l 1.00 1.00 

l l h present l l l l l l l l l l l l l l h 0.91 0.84 

l m vl absent l l l l l l l l l l l l l l l 1.00 1.00 

l m vl present l l l l l l l l l l l l l l m 0.96 0.96 

l m l absent l l l l l l l l l l l l l l l 1.00 1.00 

l m l present l l l l l l l l l l l l l l m 0.96 0.96 

l m m absent l l l l l l l l l l l l l l l 1.00 1.00 

l m m present l l l l l l l l l l l l l l h 0.91 0.84 

l m h absent l l l l l l l l l l l l l l l 1.00 1.00 

l m h present l l l l l l l l l l l l l l h 0.91 0.84 

l h vl absent l l h l m l l l l l l m l l m 0.78 0.78 

l h vl present l h h l m m l l l l l h l l m 0.60 0.60 
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l h l absent l l h l m l l l l h l m m h m 0.56 0.56 

l h l present l h h l l m l l l l l h l l m 0.64 0.58 

l h m absent l l h l l m l m l h m m m m m 0.64 0.56 

l h m present l h h l l h l m l l m h l l m 0.51 0.44 

l h h absent l m h l l m l l m h m h m m m 0.64 0.51 

l h h present l h h l l h l m l l m h m l m 0.51 0.47 

h l vl absent l l l l m l m l l l l l l l l 0.91 0.91 

h l vl present l l l l m l m m l l l l l l l 0.87 0.87 

h l l absent l l l l m l m l l m l l l h l 0.78 0.78 

h l l present l l l l m l m l l l l m m l l 0.82 0.82 

h l m absent m l l m m m h m l h m m m h l 0.69 0.56 

h l m present m l l h m m h h l l m h m l l 0.56 0.42 

h l h absent m l l h m m h h l h m h m h l 0.56 0.42 

h l h present m l l h m h h h l l m h m l l 0.51 0.31 

h m vl absent l m m l m l m m l l l l l l h 0.69 0.69 

h m vl present l m m l m l m m l l m m l l h 0.64 0.60 

h m l absent m l m l h l m m m m l l m h h 0.64 0.51 

h m l present m h m l m m m h l l m m l l h 0.64 0.51 

h m m absent h l m m h m h h h h m l h h h 0.64 0.64 

h m m present h h m m h h h h l l h m l l h 0.51 0.44 

h m h absent h m m h h h h h h h h m h h h 0.87 0.87 

h m h present h h m h m h h h l l m h l l h 0.51 0.44 

h h vl absent l m m l m l m m l l l l l l h 0.69 0.69 

h h vl present l m m l m l m m l l m m l l h 0.64 0.60 

h h l absent m l m l h l m m m m l l m h h 0.64 0.51 

h h l present m h m l m m m h l l m m l l h 0.64 0.51 

h h m absent h l m m h m h h h h m l h h h 0.64 0.64 
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h h m present h h m m h h h h l l h m l l h 0.51 0.44 

h h h absent h m m h h h h h h h h m h h h 0.87 0.87 

h h h present h h m h m h h h l l m h l l h 0.51 0.44 
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Table S12 Habitat suitability rules for the limnophilic fish assemblage for all combinations of fuzzy membership functions of flow 

velocity (v), water depth (d), substrate particle size (sub) and cover (cov) on the meso-scale as defined by 15 experts (E1-E15). 

Differences between habitat suitability rules defined are assessed by two measures of agreement: 1-Leik’s D (1966) and Eijk’s A 

(2001). 1-Leik’s D ranges from 0 (perfect disagreement) to 1 (perfect agreement). Eijk’s A ranges from -1 (perfect bimodality) over 0 

(perfect uniformity) to 1 (perfect unimodality=agreement). Fuzzy rule categories: vl= very low, l=low, m= medium, h= high 

v d sub cov E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 

1- Leik’s 

D 

Eijk’s 

A 

l l vl absent m h l l h l m l l m l m l l m 0.60 0.60 

l l vl present h h h m h h m m l h h h h l h 0.69 0.69 

l l l absent m h l l h l m l l h l m m l m 0.56 0.51 

l l l present h h h l h h m h m h h h h l h 0.73 0.73 

l l m absent m h l m h l h h l h m h m m m 0.60 0.47 

l l m present h h h m h h h h m h h h h l h 0.82 0.82 

l l h absent l h m h h l h m l h h h m m m 0.56 0.51 

l l h present h h h h h m h h m h h h h l h 0.82 0.82 

l m vl absent m h l l h l m l l m l m l l m 0.60 0.60 

l m vl present h h h m h h m m l h h h h l h 0.69 0.69 

l m l absent m h l l h l m l l h l m m l m 0.56 0.51 

l m l present h h h l h h m h m h h h h l h 0.73 0.73 

l m m absent m h l m h l h h l h m h m m m 0.60 0.47 

l m m present h h h m h h h h m h h h h l h 0.82 0.82 
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l m h absent l h m h h l h m l h h h m m m 0.56 0.51 

l m h present h h h h h m h h m h h h h l h 0.82 0.82 

l h vl absent m l l l m l m l l l l l m m l 0.78 0.78 

l h vl present h h h l m l m l l l m l h m l 0.51 0.47 

l h l absent m l m l m l m m l l l l l m l 0.73 0.73 

l h l present h h h l m l m m l m m l m m l 0.64 0.51 

l h m absent m l m m m l h m l m m l l m l 0.69 0.64 

l h m present h h h m m l h m l l h m m m l 0.60 0.42 

l h h absent l m m h m l h m l l m m l h l 0.60 0.47 

l h h present h m h h m l h m m l m m m m l 0.69 0.56 

h l vl absent l l l l l l l l l l l l l l l 1.00 1.00 

h l vl present l l l l l m l l m l l l m l l 0.87 0.87 

h l l absent l l l l l l l l l l l l l l l 1.00 1.00 

h l l present l l l l l m l l m m l l m l l 0.82 0.82 

h l m absent l l l l l l l l l m l l l l l 0.96 0.96 

h l m present l l l l l m l l l l l l l l l 0.96 0.96 

h l h absent l l l l l l l l l l l l l l l 1.00 1.00 

h l h present l l l l l m l l l l l l m l l 0.91 0.91 

h m vl absent l l m l l l l l l m l m l l l 0.87 0.87 

h m vl present l l h l l m l m l m l h m l l 0.64 0.64 

h m l absent l l m l l l l m l m l m l l l 0.82 0.82 

h m l present l l h l l m l m l h l h m l l 0.60 0.60 

h m m absent l l m m l l l l l h l h l l l 0.73 0.73 

h m m present l l h m l m l m l h l h m l l 0.56 0.56 

h m h absent l l h l l l m l l m l h l l l 0.73 0.73 

h m h present l l h l l m m m l m l h m l l 0.60 0.60 

h h vl absent l l m l l l l l l m l m l l l 0.87 0.87 
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h h vl present l l h l l m l m l m l h m l l 0.64 0.64 

h h l absent l l m l l l l m l m l m l l l 0.82 0.82 

h h l present l l h l l m l m l h l h m l l 0.60 0.60 

h h m absent l l m m l l l l l h l h l l l 0.73 0.73 

h h m present l l h m l m l m l h l h m l l 0.56 0.56 

h h h absent l l h l l l m l l m l h l l l 0.73 0.73 

h h h present l l h l l m m m l m l h m l l 0.60 0.60 
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Appendix 4 

 

Contribution of authors in Chapters 2 to 6 

Chapter 2 [Mesohabitat modelling in fish ecology: A global synthesis] 

B. Wegscheider conducted the primary literature review and wrote the article. T. 

Linnansaari and R.A. Curry contributed in extending the body of reviewed research 

articles and editing the article. 

 

Chapter 3 [Diel patterns in spatial distribution of fish assemblages in lentic and lotic 

habitat in a regulated river]  

B. Wegscheider designed the study, conducted fieldwork and data analysis, and wrote 

the article. C. Wall and M. Gautreau were instrumental in performing the fieldwork. W. 

Monk, K. Samways and R. Dolson-Edge consulted on the data analysis and contributed 

in editing the article. T. Linnansaari consulted on the study design and was the primary 

editor on the article. R.A. Curry consulted on the study design and contributed in editing 

the article. 

 

Chapter 4 [Linking fish assemblages to hydro-morphological units in a large regulated 

river] 

B. Wegscheider designed the study, conducted fieldwork and data analysis, and wrote 

the article. T. Linnansaari, W. Monk and R.A. Curry consulted on data analysis and 

contributed in editing the article. 
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Chapter 5 [The role of spatial scales, hydrodynamic modelling and expert opinion in 

predicting fish habitat suitability] 

B. Wegscheider designed the modelling framework and expert elicitation workshop, 

conducted fieldwork and data analysis, and wrote the article. T. Linnansaari, M. 

Schneider, A. St-Hilaire and R.A. Curry consulted on habitat modelling, elicitation of 

expert knowledge and editing the article, K. Haralampides and M. Ndong developed the 

hydrodynamic model used in this study and conducted field validation. 

 

Chapter 6 [Quantitative modelling of fish habitat under future regulated and hydro-

climatically driven flow regimes in the Saint John River (New Brunswick, Canada)] 

B. Wegscheider designed the modelling framework, conducted fieldwork and data 

analysis, and wrote the article. T. Linnansaari, M. Schneider, A. St-Hilaire and R.A. 

Curry consulted on habitat modelling and editing the article, K. Haralampides and M. 

Ndong developed the hydrodynamic model used in this study and conducted field 

validation. 
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River Research and Applications 
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Permission not required for reproduction in academic theses. 

 

Ecohydrology 
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Appendix 6 

Permission to reprint from co-authors 

 

The permission to use the submitted or published articles in this dissertation thesis was 

requested from the co-authors using the letter 1 (below). Therefore, all the permissions 

that were received are responses to this request and are listed below in the alphabetical 

order by co-author’s surname.  

 

Letter 1: Request for permission to use co-authored articles in the dissertation thesis:  
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