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INTRODUCTION 

Members of the family Salmonidae, commonly known as salmonids, show a remarkable variation in 

local adaptation and life history strategies, both between and within species (e.g. Fraser et al., 2011; 

Taylor, 1991). However, the complex life cycles of salmonids make populations vulnerable to a range 

of anthropogenic stressors. Freshwater life-stages and species in running water can potentially have 

great benefits from targeted river restoration, but this requires restoration actions to be thoroughly 

considered. My aim of this paper is to present a range of models and model types that are used to 

evaluate the biological effects of different restoration actions before they even are implemented.  

 

Conservation of salmonids: why and how?  

Migratory salmonids face stressors cumulating over multiple spatial and temporal scales, while 

resident salmonids are vulnerable to local habitat degradation and fragmentation (e.g. Davidsen et 

al., 2018). Many salmonid stocks have indeed declined in parallel with human population growth and 

encroachment. For instance, an estimated 30 % of historical populations of Pacific salmon 

(Oncorhynchus sp.) have been lost from the Pacific Northwest coast (Gustafson et al., 2007). 

Populations of wild Atlantic salmon Salmo salar have also disappeared or declined significantly 

throughout their native range (Parrish et al., 1998). This falls in line with the global decline in 

freshwater biodiversity – a decline far more pronounced than in even the most impacted terrestrial 

ecosystems (Dudgeon et al., 2006). Freshwater ecologists working with salmonids are therefore often 

finding themselves occupied with conservation questions (Piccolo, 2017). 

 

The main anthropogenic stressors on salmonids globally are overfishing, pollution, invasive species, 

habitat destruction and climate change, which also work in synergy and with varying intensity in 

different systems (Carlson et al., 2017; Kingsford, 2011; Lawrence et al., 2014). Among these, habitat 

alteration is recognized as the main driver of salmonid declines worldwide (Feist et al., 2003). Habitat 

alteration can take form through direct perturbations to the river channel and flow itself, but also 

through indirect effects of land-use changes in the watershed, which can be just as important (e.g. 

Harding et al., 1998; Reaney et al., 2011).  

 

There are several lines of argument as to why we should work to stop salmonid population declines 

and prevent local extinctions. One is that many salmonids provide important provisioning and 

cultural ecosystem services, being sources of food and popular target for recreational fishing (Bottom 

et al., 2009). Moreover, many will acknowledge their inherent value simply from being a living proof 

of millions of years of evolution (“intrinsic value” sensu White (2013)). There is also the legal aspect; 
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the intent to preserve biodiversity and ecosystems has been formalized in conventions (e.g. the UN 

Convention on Biological Diversity from 1992), directives (e.g. the European Union Water Framework 

Directive), regulations and national laws. Overall, these considerations have led to an increased focus 

and effort directed towards conservation of salmonid populations.  

 

This paper focuses on the salmonids that require accessible and high-quality river habitat to 

complete their life cycle. Rivers and streams have also been of great interest for human settlements 

throughout history (e.g. for irrigation systems and watermills), and archeological evidence suggests 

that Atlantic salmon populations began to decline already the Middle Ages in some parts of its 

historical range (Lenders et al., 2016). The development of hydroelectric power technology from the 

late 19th century opened up for a new and intensive way of harnessing the energy in flowing water. 

As a consequence, many of the remaining salmonid populations around the world experience river 

habitats that are profoundly changed or unreachable due to flow regulations, and dams, weirs or 

other impoundments that act as migration barriers (Jonsson and Jonsson, 2011a). In fact, over half of 

the world’s large river systems are affected by dams and associated flow regulations (Nilsson, 2005). 

Many rivers also have a legacy of other physical alterations such as river channelizations and -

simplifications (e.g. Gregory, 2006), instream gravel extraction (e.g. Kondolf, 1994), and removal of 

riparian forest (e.g. Harding et al., 1998). A critical task to halt salmonid population declines is 

therefore to revisit these degraded habitats, and come up with strategies for how they can be 

improved. 

 

In later years, many rivers and streams have in fact been subject to instream habitat restoration 

efforts with the underlying goal of enhancing local salmonid populations (Jonsson and Jonsson, 

2011a). In this paper the term “restoration” is used in a wide sense to describe any intentional action 

to halt degradation and bring a disturbed ecosystem back to a functioning state, if not perfectly to 

the historic state (Henry and Amoros, 1995). In rivers and streams, restoration translates to 

“modifications to rivers/streams and adjacent riparian zones undertaken to improve geomorphic 

and/or ecologic function, structure and integrity of river corridors” (Bennett et al., 2013). Common 

restoration actions are reconnection and construction of side channels (Rosenfeld et al., 2008); 

construction of fishways (Gustafsson, 2017); addition of spawning gravel (Barlaup et al., 2008); 

removal of dams and weirs (e.g. Hatten et al., 2016), or changes to the flow regime (Enders et al., 

2009). The latter has received considerable attention through the concept of “environmental flows” 

(e-flows). E-flows are understood as “the quantity, timing and quality of water flows required to 

sustain freshwater and estuarine ecosystems and the human livelihoods and well-being that depend 

on these ecosystems” (Poff and Matthews, 2013). 



 4 
 

 

Notably, there has been a shift in river restoration practice, with the focus shifting from promoting 

single species to promoting whole-river ecosystem processes and functioning (Wohl et al., 2015). 

Nevertheless, healthy salmonid populations remains a central conservation goal in many systems. 

Salmonids are often thought of as indicators of healthy river ecosystems, and habitat restoration for 

salmonids will often have positive effects on other parts of the ecosystem (Branton and Richardson, 

2014), warranting their use as umbrella species. 

 

In the science of restoration ecology, planning and following up are considered being almost as 

important as the physical interventions themselves (Shafroth et al., 2008). River restoration planning 

requires a high level of understanding of geomorphic, hydrological and ecological processes in 

riverine systems, as well as local knowledge of the candidate site and its history (e.g. Higgs, 1997). 

Ideally, several restoration alternatives should be compared in terms of how well their predicted 

outcomes meet the restoration objectives within constraints (often financial and time constraints). 

Experiences from other river restoration projects and “expert knowledge” are often the sole inputs 

used to weigh different alternatives against each other, a practice that is problematic for several 

reasons:    

 Communication of results is flawed. Many river restoration projects are completely lacking 

monitoring (Bernhardt et al., 2005), not publishing the results, or publishing the results in 

locations that are hard to access for practitioners (e.g. behind journal paywalls). 

 There are no universal success criteria. River restoration evaluation is subjective and 

dependent on the evaluation methodology (Bennett et al., 2013). 

 Generalization is problematic. Even published studies on the effectiveness of different river 

restoration actions might not suffice as guidelines for other sites. Many studies provide too 

little site-specific information, are of short duration, and are of a too limited scope (Roni et 

al., 2008). 

 

Fallacies during the planning phase can lead to mounting project costs and potential adverse 

ecological effects, and even threaten the restoration project’s (and future project’s) sense of 

legitimacy with the public (Henry and Amoros, 1995). So how can we move past “trial and error” 

restoration, towards a more robust and less risky approach? Bennett et al. (2013) predicted that  

“The future practice of river restoration will further embrace the use of models for project design and 

assessment. Moreover, numerical models will become more commonplace in designing stream 

restoration projects.” 
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Modelling  

“Models” are conceptual, mathematical, statistical, physical (etc.) abstractions of complex 

phenomena, systems or processes (Soetaert and Herman, 2008). “Ecological models” are thus 

simplified representations of the interactions between organisms and their environment. Soetaert 

and Herman (2008) describe four main types of applications of ecological models: 

1) As analytical tools for hypothesis testing 

2) For spatial and/or temporal interpolation and extrapolation as well as budgeting 

3) For quantifying immeasurable processes, and  

4) For making a priori predictions about consequences of interventions 

 

Models of the fourth type thus allow scientists and practitioners to experiment with different 

restoration alternatives in a “virtual laboratory”, and predict the effects of different interventions 

before they are implemented. Models can describe, in a simplified form, the interactions between 

geomorphic, hydrological and biological processes. In order for these models to make sense for 

restoration guidance, they need to be set in in an explicit space, i.e. they need to be “spatially 

explicit”. The spatial context is included because spatial properties are assumed to be important to 

describe and make predictions about the system. As Albert Einstein is quoted: “a model should be as 

simple as possible, but not simpler”. 

 

Ecological models with a spatial context are increasingly used within the field of landscape ecology 

(e.g. textbooks of Turner et al. (2001; 2015)), so restoration scientists can benefit from and 

contribute to an ongoing theory development. Spatially explicit modelling is often used in a 

pragmatic management context, like river restoration, whereas “spatially implicit” models 

traditionally have been tools for theory-building, e.g. for describing metapopulation dynamics 

(DeAngelis and Yurek, 2017). Spatial explicit modelling allows scientists to take into account more of 

the complexities of the restoration site, and forces us to try to describe underlying mechanisms 

rather than extrapolating results from other sites (DeAngelis and Yurek, 2017).  

 

Nevertheless, models for salmon habitat restoration planning require a solid understanding of the 

species-habitat relationship - how the habitat forms individuals, and how the individuals forms their 

habitat. This relationship is not as straightforward as it may seem at first glance. 
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THE RIVER HABITAT  

The “habitat” is one of the most fundamental concepts in ecology, but the term has for a long time 

lacked a clear definition. One general definition was suggested by Hall et al. (1997, p. 175):  

“Habitat is the resources and conditions present in an area that produce 

occupancy – including survival and reproduction – by a given organism. Habitat is 

organism-specific; it relates to the presence of a species, population or individual 

to an area’s physical and biological characteristics. Habitat (…) is the sum of the 

specific resources that are needed by organisms. Wherever an organism is 

provided with resources that allow it to survive, that is habitat.” 

In this definition, habitat is defined by the resources and conditions that leads to a positive response 

in the organism. Other definitions also include the physical and biological characteristics of the 

environment that can lead to negative responses in the organism, for instance predation risk and 

competition. These are more difficult to describe, but are nevertheless important in an organisms’ 

day-to-day survival and realized habitat use. For salmonids, which are somewhat in the middle of the 

food chain, a good habitat is basically where you can eat with the smallest chance of being eaten 

yourself. Both physical and biotic factors are therefore included in the concept of habitat in this 

paper. It is also important to note that habitat is organism-specific, and in some cases age/size-

specific within a species. For instance, the different life-stages of Atlantic salmon (figure 1) have 

widely different habitat requirements. Throughout the paper, “habitat” will refer to salmonid 

habitat. 

 

Figure 1. The Atlantic salmon life cycle with names of life-stages that you can find in a salmon river at some point during the 
year. (Image source: Atlantic salmon trust) 
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Physical factors 

A range of interlinked physical factors of the river environment influence salmonid distribution 

patterns on different scales. In this section, I have described some of them.  

 

Temperature is often named one of the main factors describing the large-scale distribution of 

organisms on Earth (e.g. Turner et al., 2001), and temperature is particularly important for 

ectotherms like fish. Members of the family Salmonidae are considered to be relatively cold-adapted 

species, so there are concerns about the impacts climate change will have on river temperatures, and 

thus their salmonid populations (e.g. Orr et al., 2015). There are large interspecific variations in 

thermal tolerance between salmonids, and also between different life-stages within a species. In 

Atlantic salmon, for instance, eggs have been found to be more sensitive than alevins, which again 

are more sensitive than parr when it comes to high temperature (Elliott and Elliott, 2010).  

 

It is important to bear in mind that the relationship between air temperature and river temperature 

is not always straightforward due to e.g. intrusion of groundwater (Snyder et al., 2015), hot springs, 

and generally the high heat capacity of water. Flow regulation may also alter the temperature regime 

in rivers (Lowney, 2000), which has made scientists call for considerations of thermal regimes as well 

as flow regimes when it comes to flow restoration (Olden and Naiman, 2010). 

 

Streamflow has been called the “master variable” in stream ecosystems (Poff et al., 1997), as almost 

all other physical habitat factors vary with streamflow. Due to the entanglement with other physical 

factors, ecological responses to flow changes are nonlinear in nature (Rosenfeld, 2017). When talking 

about flow in an ecological context, it is not as a static size. What is relevant is rather the temporal 

variation in the magnitude, frequency, duration, timing and rate of change of flow conditions, the so-

called flow regime (e.g. Poff, 2018).  

 

Depth and current velocity are the ecological relevant endpoints of streamflow. Salmonids’ use of 

the hydraulic landscape varies with their size and age. The smallest sized fish typically use shallow 

areas with low water velocity near the shore, while they switch towards deeper water with higher 

water velocities as they grow larger (Jonsson and Jonsson, 2011b). Depth and water velocity are also 

important cues for female salmonids’ selection of a site/sites to bury their eggs in the gravel in a so-

called redd (Jonsson and Jonsson, 2011c). The water velocity needs to be high enough to avoid 

sediment clogging and ensure oxygenation of the eggs, while not too high as that puts the redd at 
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risk for scour during high flows. Likewise, redds placed on too shallow depths can run the risk of 

desiccation during low flows.  

 

Biotic factors 

In the stream, an individual fish not only faces the physical habitat, but also the “living factors of the 

surrounding environment”. These can be just as important as the physical habitat in determining 

microhabitat choice, but are often overlooked in habitat assessments, as the behavioral mechanisms 

are more complex to describe. 

 

One such factor is competition, both intraspecific and interspecific. Many salmonids are known to 

defend and hold territories in running water, both juveniles during foraging (e.g. Fausch and White, 

1981) and adults around the time of spawning (e.g. Fleming, 1996). The intense competition within 

early life-stages — especially around the time of emergence out of the gravel —leads to a self-

thinning effect in the population (Steingrimsson and Grant, 1999).  

 

An important part of the diet of juvenile salmonids constitutes of invertebrates caught while being 

transported in the free water masses, as so called “drift”. For many salmonids drift feeding entails 

holding a central foraging position and defending a radius around it against other fish, whilst making 

bursts to intercept prey (e.g. Kalleberg, 1958). Food, in particular in the form of drift, has been found 

to be an important predictor for salmonid habitat use (e.g. Hayes et al., 2007). 

 

Predation is an important driver of community dynamics, not only through the discrete predation 

events where individuals are killed and consumed. The non-consumptive effects of perceived 

predation risk can also be highly relevant in describing patterns of spatial use in salmonids. This 

concept is known in the literature as the “landscape of fear”, defined by Bleicher (2017) as “the 

short-term measure of the way the animal perceives its environment based on the cost-benefit 

analysis of the trade-off of food and safety associated with foraging in specific areas of the habitat 

available to it”. One way to look at and study the effect of predation risk is to regard it as a 

measurable cost of foraging, as done by Harvey and White (2017).   

 

MODELLING STREAM HABITAT FOR SALMONIDS 

McGarigal et al (2016b) defines habitat modelling as: “(…) Quantitative approaches to determine how 

the physical, chemical and biological resources in an area affect occupancy patterns, survival and 

reproduction”. 
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Scientists and managers have since long realized the importance of describing the species-habitat 

relationship, not only for pragmatic river restoration but also for understanding species’ fundamental 

niche. This has led to the development of a plethora of river and stream habitat models, many ad 

hoc, but also some widely adopted methodologies. It is outside the scope of this paper to describe 

the full extent of habitat models that can be applied in rivers; the interested reader should rather 

consult one of many reviews (Ahmadi-Nedushan et al., 2006; Brewer et al., 2018; DeAngelis and 

Yurek, 2017; Frank et al., 2011; McGarigal et al., 2016a; Piccolo et al., 2014).  

 

Terminology 

Before jumping into the pool of stream habitat models, it can be useful to familiarize oneself with 

some general modelling vocabulary used to describe different model types:  

Empirical models, also called phenomenological models or statistical models, have formulations 

based on correlative relationships and parameters derived from fitting of empirical data. Empirical 

models are considered black-box, because one cannot look into the model and see the underlying 

mechanisms behind the phenomena of interest (Kalmykov and Kalmykov, 2015). Although empirical 

models can have a high explanatory degree in the system where the data was from, transferability is 

often an issue (Barnard and Wyatt, 1995; Maki-Petays et al., 2002). Transferability has been found to 

be even more problematic between natural and regulated rivers (Chen and Olden, 2018).  

Mechanistic models describe the underlying mechanisms of ecological phenomena. Mechanistic 

models, being based on first principles, are more suitable for making generalizations.  

Process-based models contain elements representing specific ecological processes that need to be 

represented as separate submodels connected in a process.  

Analytical models have a numerical, mathematical solution. 

Simulation-based models are often applied in cases where it is impossible to find a solution 

mathematically because the equation sets are too large or when the components feed back into the 

systems so that there is no one solution. Simulation models are algorithm-based and run over a set 

number of time steps or until the system reaches a predefined state.  

Dynamic models represent a system that changes over discretely or continuously represented time.  

Static models represent a constant, equilibrium-like state of the system, i.e. lack the temporal 

dimension.  

Scale. The concept of the habitat does not really have a scale per se. Rosenfeld (2003) described 

three main types of predictive habitat models by scale: 1) distributional or macrohabitat models, 
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2)capacity models predicting density or population size at the reach or channel unit scale, and 3) 

microhabitat models for the fine scale.  

 

Ecohydraulic- and ecohydrological modelling 

Ecohydraulics and ecohydrology are keywords worth being aware of, as many habitat models are 

presented under these flags thus might go unnoticed by biologists. Ecohydraulics is a cross-

disciplinary field, taking in elements of ecology, hydrology and hydraulic engineering. The scope of 

ecohydraulic research is to describe the processes of moving water and their influence on aquatic 

ecology, with the intention of negotiating a balance between use and conservation of natural aquatic 

ecosystems (Maddock et al., 2013a). Many habitat models for salmonids can therefore be defined as 

“ecohydraulic”, even if they will not use that label themselves. There is nothing new with coupling 

hydraulic models with biological models per se; what is new is perhaps the insistence for truly 

interdisciplinary work. The term “ecohydraulic” is however for many biologists associated with 

models that are technologically advanced, but lack biological realism (Maddock et al., 2013b). There 

are also some inevitable communication problems between disciplines that have their own language, 

terminology (see Box 1) and literature that needs to be overcome (Maddock et al., 2013b).  

 

Ecohydrology (or “hydro-ecology”) is a closely related discipline that focus on the interactions 

between water flow and ecology, often in the terrestrial-aquatic interface. Dunbar and Acreman 

(2001) described ecohydrology quite generally as “the linkage of knowledge from hydrological, 

hydraulic, geomorphological and biological/ecological sciences to predict the response of freshwater 

biota and ecosystems to a variation of abiotic factors over a range of spatial and temporal scales.” 

While ecohydraulics is about the “processes of moving water”, ecohydrology describes the 

relationship between temporally variable flow and aquatic organisms (Brewer et al., 2018), but the 

demarcation between these subfields appear quite blurred. 

 

Katopodis (2015) describes the “ecohydraulic trinity”, i.e. the core areas of ecohydraulic research, as: 

1) aquatic animal migration, 2) e-flows, and 3) river restoration. Among conference proceedings, 

books or journals explicitly about ecohydraulics and ecohydrology, one can for instance find models 

used in: 

 Planning construction of novel habitat in the form of spawning channels (Jormola et al., 2016) 

 Planning flow restoration for indicator species (e.g. Parasiewicz and Walker, 2007) 

 Describing effects of hydropeaking operations on biota, and how negative effects can be 

alleviated by adding instream morphological features (Schneider et al., 2016) 
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 Modelling spatial distribution of drift and how that affects brown trout foraging position choice 

(Hayes et al., 2016a) 

 Predicting future distribution of brown trout in central Spain under climate change (Santiago et 

al., 2016) 

Designing restoration gravel placement to maximize spawning habitat while at the same time 

avoiding erosion (Pasternack et al., 2004). 

 

Box 1. Some terminology in ecohydraulic and ecohydrological models  

Computational fluid 
dynamics  

A field in fluid mechanics that uses numerical methods, often involving 
the Navier-Stokes equations, to solve problems concerning fluid flows. 
These models can be used to provide quantitative spatial and 
temporal predictions of flow properties, i.e. depth, velocity and more, 
in natural rivers and streams. Can be divided into 3D-, 2D-, 1D, and 
non-numerical hydraulic models, that are used depending on the scale 
of interest (Tonina and Jorde, 2013). 

Hydrodynamic models As the name implies, these models are temporally dynamic. This 
means they are able to capture events that happen at irregular times, 
like turbulence flows, that time-averaged models ignore. 

Hydraulic models Mathematical or physical models representing free surface flows and 
their flow dynamics in 1-3 dimensions. 

Hydrological models Conceptual or mathematical models of a hydrological system.  

 

Species distribution models 

A frequently used type of habitat models on the larger scale are the species distribution models 

(SDM). These models seek to explain the occupancy patterns of populations or species, not of 

individuals. The concept behind SDMs pertains linking observed species occurrence and/or 

abundance with environmental variables and/or spatial characteristics, and using this relationship to 

predict occurrence and/or abundance on landscape level for unexplored areas and/or to make 

projections for future distribution/abundance (Elith and Leathwick, 2009). SDMs are therefore 

examples of empirical models used for extrapolation or prediction, and they are used across both 

marine, freshwater and terrestrial landscapes. SDMs applications for salmonid conservation are often 

to predict species’ responses to simulated changes in environmental parameters, e.g. water 

temperature. The method is however not without challenges when applied to rivers (Domisch et al., 

2015). 

 

Climatic envelope models 

The climatic envelope models (CEM), also called bioclimatic envelope models, are a branch of SDMs 

focusing on temperature as the main predictor for species occurrence and/or abundance (Hijmans 
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and Graham, 2006). A species’ climatic envelope is the temperature range in the area in which the 

species occurs; for fish this obviously refers to the water temperature. Climatic envelope models are 

often used in the context of climate change, and for species at the southernmost edge of their 

distribution. For instance, Carlson et al. (2017) investigated the thermal habitat suitability of brook 

char Salvelinus fontinalis, brown trout Salmo trutta and rainbow trout Oncorhynchus mykiss in 

Michigan streams under different baseflow levels. Santiago et al. (2016) modelled expected changes 

in Spanish brown trout distribution based on electrofishing densities and temperature data. This is 

relevant to river restoration as there is an increasing focus on restoration of the thermal regime 

along with the flow regime in regulated rivers (Macnaughton et al., 2016; e.g. Olden and Naiman, 

2010; van Vliet et al., 2013). CEMs can thus help identify areas with problematic temperatures for 

salmonids. CEMs have also inspired distribution models based on mechanistic relationships, such as 

an organism’s physiological thermal tolerance, instead of observed occurrences (Hijmans and 

Graham, 2006). CEM have faced critique for only focusing on temperature as determining species 

responses to climate change. Processes on a smaller scale, such as flow regime and biotic 

interactions can be just as important (Wenger et al., 2011). Additionally, CEMs usually do not have a 

very refined river water temperature-model, and it can be problematic to predict future water 

temperatures from air temperature (Arismendi et al. 2014). 

 

Instream Flow Incremental Methodology 

The Instream Flow Incremental Methodology (IFIM, BOX 2) was developed in the 1970’s and became 

a widely adopted framework for flow allocation decisions in the U.S. IFIM was comprehensively 

described in “A guide to stream habitat analysis using the instream flow incremental methodology” 

(Bovee, 1982), and has seen many subsequent refinements (e.g. Bovee, 1986; Bovee et al., 1998). 

IFIM intended to merge water planning models with habitat versus flow functions, quantitatively and 

qualitatively describing the habitat consequences of alternative flow regimes (Stalnaker et al., 1995).  

 

Within the IFIM, macro- and microhabitat are analyzed separately to calculate the area with suitable 

conditions in both categories. Macrohabitat is understood as the features that determine the large-

scale distribution of a species, while microhabitat is the features that determine habitat use by the 

organism (Bovee, 1982). Some examples of macrohabitat features defined by IFIM are streamflow, 

temperature and water quality, while microhabitat features are the hydraulic and structural features 

on the m2-scale. Available macrohabitat usually increase linearly with discharge, while the 

relationship between microhabitat and discharge is more complex and often nonlinear (Bovee, 

1982).  
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BOX 2. Process flow in the Instream Flow Incremental Methodology (after Bovee, 1982). 

 

PHABSIM and relatives 

The Physical Habitat Simulation System (PHABSIM, BOX 3), launched by Bovee and Milhous (1978), is 

an important part of the IFIM. PHABSIM is a method applied within the IFIM framework to join 

channel hydraulics with several microhabitat criteria to represent usable habitat for a given species 

and life-stage as a function of flow (Stalnaker et al., 1995). The rationale behind PHABSIM is that:  “1) 

each species exhibits preferences within the range of habitat conditions that it can tolerate, 2) these 

ranges can be defined for each species, and 3) the area of stream providing these conditions can be 

quantified as a function of discharge and channel structure” (Bovee, 1982). The microhabitat criteria 

are often depicted as suitability curves representing relative preference for each of the microhabitat 

variables of the IFIM, i.e. depth, velocity and substrate, based on expert knowledge or observations 

(Stalnaker et al., 1995). As an example, the frequency curve of depth measured at the upper edge of 

Atlantic salmon and brown trout redds in the Gullspång River is normalized into a suitability index for 

redd depth (Figure 2) (data from Syrjänen et al., n.d.). 

 

Calculation of the cell’s joint preference factor (Box 3, point 5) are done either with binary criteria, as 

a product of preference curves’ values, with the arithmetic mean of values, or with multivariate 

suitability functions (Bovee, 1982). The method of joining univariate preference curves is however 

statistically problematic as the variables depth, velocity and substrate rarely are independent (e.g. 

Railsback, 2016).  

 

IFIM scoping 

 Define problem and scope of the study 

 Define geographical extent of the study area 

 Decide which environmental variables to include and exclude 

 Decide upon a focal species 

 Describe the variation in habitat use in the focal species over season and life-stages 
IFIM analysis 

1. Describe the study area in its present state 
2. Determine mathematical expressions and relationships that describe temporal macro- and 
microhabitat availability of the present system to find total habitat availability 
3. Incrementally change one or more driving variables to reflect different interventions and 
determine total habitat availability 
4. Determine alternative interventions to correct negative impacts in step 3 
5. Repeat step 3 and 4 to find an array of intervention and mitigation alternatives to minimize 
impacts 
6. Evaluate the different alternatives in 5 in terms of management objectives and resolve trade-
offs. 
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BOX 3. Process flow of the Physical Habitat Simulation System (after Bovee, 1982) 

The PHABSIM modelling procedure can be outlined as: 
1) Choose a species/life-stage  
2) Choose a flow to evaluate 
3) Divide the river reach into 2D habitat cells 
4) Model or measure hydraulic characteristics of each cell (depth, velocity and substrate) 
5) Find a suitability index value [0, 1] for the cell’s depth, velocity and substrate values combined 
6) Multiply the value in 5 with the cell’s area to get the cell’s “weighted useable area” (WUA) 
7) Repeat 6 for all cells in the reach to get the total WUA of the reach 
8) Repeat step 2-7 for all flows that shall be evaluated 
9) Represent the total WUA as a function of flow. 

 

    
Figure 2. Suitability curve for water depth (cm) at the upper edge of redd pots in the Gullspång River.  

 

PHABSIM has faced a lot of criticism. A haphazard choice of scale, lack of biologically meaningful 

output, and lack of testable results was pointed out by Railsback (2016), but also for a lack of biotic 

considerations, e.g. for types of habitat that produce fish’s prey (Rosenfeld and Ptolemy, 2012), and 

at the general failure to report uncertainties and the results’ sensitivity to suitability criteria (Ayllon 

et al., 2012; Moir et al., 2005). Traditional PHABSIM does not take into account biotic interactions, 

flow effects over time or other physical variables than velocity, depth and substrate. This simplicity 

seems however to have been an advantage as PHABSIM is still widely used, refined and defended 

against criticism (Reiser and Hilgert, 2018; Stalnaker et al., 2017). PHABSIM has also spurred the 

development of a range of related habitat evaluation models such as RHYHABSIM (Jowett, 1989),  

HABSCORE (Milner et al., 1998), MesoHABSIM (Parasiewicz, 2001), among others.  

 

Fuzzy logic habitat selection models 

An alternative approach to using PHABSIM’s joint preference factor is to use a fuzzy rule set. Fuzzy 

logic allows for qualitative, intermediate categories, in contrast to Boolean logic that is either true or 

false. Fuzzy logic can therefore better reproduce ecological gradients we see in nature (Noack et al., 
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2013). The approach also allows for qualitative descriptions of habitat suitability as the fuzzy rule 

system for physical habitat parameters are based on linguistic IF …THEN… -statements. For instance: 

“If flow velocity is high and depth is low, then the habitat suitability for brown trout is high” (quote: 

Mouton et al., 2013). The fuzzy rules are either derived from expert knowledge about species’ 

requirements or from big data and machine learning (see Mouton et al., 2009 for an evaluation of 

the two options). The results from fuzzy logic habitat selection modelling are sensitive to the 

formulation of fuzzy rules (Ahmadi-Nedushan et al., 2008), i.e. the results can be very dependent on 

the chosen expert (Mocq et al., 2015). 

 

The Computer Aided Simulation System for Instream Flow Requirements (CASiMiR) was developed 

by the institute of Hydraulic Engineering of Stuttgart University in the early 1990’s as a tool for 

instream flow decisions using fuzzy logic (Schneider et al., 2010). CASiMiR is available as several 

modules, of which CASiMiR Fish and MesoCASiMiR are tailored for fish habitat modelling. The input 

in CaSiMiR is a river section with surveyed habitat parameters, typically depth, velocity and 

substrate, and (most often) expert-based fuzzy sets and fuzzy rules. The model output is, among 

others, composite habitat suitability metrics like WUA.  

 

Individual- based models 

Individual-based models (IBMs) simulate individual organisms in the physical environment, and allow 

system characteristics to emerge from the adaptive behavior of individuals in response to a changing 

external and internal environment (Grimm et al., 2006). In IBMs for populations, the population-level 

processes emerge from the processes on the individual-level (DeAngelis and Mooij, 2005). Individuals 

are described by sets of fixed or updated state variables relevant to the question (e.g. length, spatial 

location, behavioral strategy), that are allowed to vary among individuals. The individual-based 

modelling approach thus allows for a mechanistic understanding of the habitat-organism relationship 

(DeAngelis and Grimm, 2014). By taking into account individual variability, local interactions, 

adaptive behavior and complete life cycles, IBMs are more biologically realistic than most analytical 

models. Modern IBMs are based on so-called “first principles” aka general rules from biochemistry, 

physiology and evolution, for instance energy budgets, mass conversion and fitness-seeking behavior 

(Grimm et al., 2017). For an excellent review of all IBM applications for riverine fishes, see Jager and 

DeAngelis (2018).  

 

Van Winkle et al. (1996) demonstrated the first spatially explicit IBM application for stream 

salmonids. They coupled a hydraulic model (PHABSIM) to an IBM for sympatric populations of brown 
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trout and rainbow trout, with the intention of investigating population effects of altered streamflow 

and temperature on a daily time step. This model was the precursor for a long line of model 

improvements and adjustments that became “inSTREAM”, developed by Railsback, Harvey and 

others (http://www2.humboldt.edu/ecomodel/instream.htm). InSTREAM version 4 was released in 

2009 as a public environmental assessment tool (Railsback et al., 2009). InSALMO, which essentially 

is inSTREAM for anadromous salmonids, was released in 2012 as “a framework inside which detailed 

models of specific, limited management problems are built” (Railsback et al., 2012). inSALMO was for 

instance used to compare degraded and restored stream reaches in California in terms of restoration 

effects on spawning to smolt life-stages in Chinook salmon Oncorhynchus tshawytscha (Railsback et 

al., 2013). 

 

Drift- foraging-, bioenergetic- and net energy intake models 

There is a whole suite of habitat models focusing on describing drift-foraging behavior and its 

bioenergetic consequences, using growth potential as a proxy for fitness. As mentioned earlier, drift 

feeding entails holding a position facing upstream, and making bursts to intersect prey before 

returning to the so-called focal point. Fausch (1984) introduced fisheries biologists to a method of 

modelling the fitness consequences of this behavior with his landmark paper on profitable stream 

positions for salmonids. The simple rationale behind the model is that the net energy intake (NEI) of 

feeding from one focal point is equal to the gross energy intake from captured and ingested prey, 

minus the costs of swimming and holding position against the current. And yes, the fish were 

observed to choose positions that offered them the highest modelled NEI, under the constraint of 

the dominance hierarchy (Fausch, 2014). NEI modelling was further developed and used by Hughes 

and Dill (1990), and for instance Hayes et al. (2007) and Piccolo et al. (2008, 2007). NEI modelling has 

also been used in process-based modelling of whole-river carrying capacity for steelhead 

Oncorhynchus mykiss (McHugh et al., 2017).  

 

In a restoration context, the goal with NEI modelling is to maximize the area where NEI is larger than 

a defined threshold value. This can be done for instance by iteratively changing the flow conditions in 

a coupled hydraulic model (e.g. Hayes et al., 2016b). One challenge with considering NEI models as 

“the truth” for populations is that prey capture success, swimming cost and metabolic cost are 

temperature and size- dependent (e.g. Watz et al., 2014), but NEI models do not include the whole 

range of fish sizes in a population. That would add much more complexity into the model in terms of 

representing the dominance hierarchy and drift-depletion (Rosenfeld et al., 2014). In models such as 

Drift-NREI (Hayes et al., 2007), the model output (e.g. carrying capacity) is calculated for one 

http://www2.humboldt.edu/ecomodel/instream.htm
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predefined size of fish. In complex systems with multiple size-classes of drift-feeding species present, 

NEI models are less useful as standalone models. NEI models can however be submodels in larger, 

simulation-based models such as inSTREAM. Another challenge to the development of NEI- models is 

the limited understanding we have of the mechanisms behind spatial and temporal variations in 

invertebrate drift, as being swept away with the drift can be both by accident (passive drift) and an 

active choice by the invertebrates (Naman et al., 2016). And albeit very important, food availability is 

not always the limiting factor for fish populations targeted for restoration (e.g. Bellmore et al., 2012). 

Fish can if needed also utilize other foraging methods than drift feeding (e.g. Nakano et al., 1999).  

 

IMPORTANT CONSIDERATIONS IN RIVER HABITAT MODELLING 

Spatial and temporal scale 

For salmonids in rivers and streams, the relative importance of different abiotic and biotic factors of 

the habitat vary in importance over an individual’s life. For the observing scientist, the factors 

perceived as most important often depend on the scale at which the system is observed (Feist et al., 

2003). The difficulty of addressing biologically realistic spatial and temporal scales is highlighted as 

one of the main challenges in the fields of ecohydraulic modelling (Maddock et al., 2013b) as well as 

in the broader field of landscape ecology (Turner et al., 2001). Stream habitat modelling papers rarely 

contain a discussion on their choice of scale and the uncertainties linked to scale (Habersack et al., 

2014; Railsback, 2016). Many of the salmonid habitat models mentioned in this introductory paper 

describe a static system where a certain flow leads to a certain habitat response. But the river habitat 

is highly dynamic, and therefore modern river habitat models need to incorporate these dynamics 

(e.g. Poff, 2018). This is particularly true in an e-flows/flow restoration context (e.g. Stamou et al., 

2018). Scientists are therefore calling for more multi-scale habitat modelling (McGarigal et al., 

2016b).  

 

Usage, preference, suitability, availability and selection of habitat 

As the reader might have noticed, I used these terms inconsistently in the section about PHABSIM. 

This is because these concepts often lack a clear definition and are confused in PHABSIM (and other) 

habitat selection models (Rosenfeld, 2003). Johnson (1980) defined these terms in his seminal paper:  

“The abundance of a component is the quantity of that component in the 

environment, as defined independently by the consumer. The availability of that 

component is its accessibility to the consumer. The usage of a component by the 

consumer is the quantity of that component utilized by the consumer in a fixed 
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period of time. The selection of a component is a process in which an animal 

actually chooses that component. (…) The preference of a consumer for a 

particular component is a reflection of the likelihood of that component being 

chosen if offered on an equal basis with others.” 

The preference of a factor is best investigated through a habitat choice experiment where biotic 

factors are controlled; habitat selection in the wild represents a tradeoff, not a true preference 

(Rosenfeld, 2003). Preference and suitability is often used interchangeably.  

 

Model justification 

According to good ecological modelling standards, models should go through some form of testing in 

the form of validation, verification and sensitivity analysis (Soetaert and Herman, 2008). In reality, 

model uncertainty is very rarely reported, or even mentioned, in studies applying river habitat 

models. Model testing is also problematic for models that predict unmeasurable metrics such as 

weighted useable area (Railsback, 2016). Very rarely are the models’ sensitivity to changes in 

parameter values tested (with some exceptions, e.g. Ayllon et al., 2012; Mocq et al., 2015). Even 

when models are tested, evaluations of the models’ generality and transferability are rarely done 

(Wenger and Olden, 2012). 

 

Conclusion 

There is a multitude of models available attempting to describe the species-habitat relationship; 

whether they are all useful for guiding habitat restoration in rivers and streams remain highly 

questionable. Top-down empirical models should be used with great caution when it comes to 

making predictions across space and time as they are prone to sampling bias, scaling issues, and 

often have a weak basis in ecological theory (e.g. Lancaster and Downes, 2010). Bottom-up, spatially 

explicit and mechanistic models are likely to be more useful for predicting effects of restoration 

actions (DeAngelis and Yurek, 2017). More research is needed to uncover and better describe the 

underlying mechanisms behind salmonids’ habitat use.  

 

MY THESIS 

My licentiate thesis project at Karlstad University (2017- ) is on modelling the habitat-species 

relationship of sympatric Atlantic salmon and brown trout in a regulated river using inSTREAM 6.0. 

Individual-based habitat models have very rarely, if ever, been applied as decision-making tools in 

Nordic rivers. I aim to demonstrate and further develop habitat-species modelling so that it can be a 
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feasible planning tool for river restoration also in the Nordic countries. Hopefully, new insights about 

the modelled system can emerge from this project and the data collected in collaboration with 

industry and management.  

 

My study system is the Gullspång River in Västra Götaland County, mid-Sweden. The Gullspång River 

is home to fast-growing and large-bodied landlocked Atlantic salmon and diadromous brown trout 

(sea trout), with the Gullspång River trout being the largest salmonid in the Lake Vänern system (Ros, 

1981). These populations are restricted to a river stretch about 6 km long between the outlet in Lake 

Vänern and the hydropower dam in Gullspång town. Conversely, populations are small and with low 

genetic diversity, even after decades of restoration work. With inSTREAM, I will model the actual 

physical conditions in the Gullspång River 2008-2018 for the part of the life cycle from spawners to 

redds to outmigrating smolts of both Atlantic salmon and brown trout -. My goal is to predict 

population responses to different restoration actions. The project will constitute of several activities 

within three main phases that all will be documented thoroughly. Phase 1 and 2 will be done in 

parallel.  

 

1) Describing the physical habitat 

1.1) Survey the physical habitat and requesting time series of physical data from other sources. 

1.2) Build a digital elevation model of river bathymetry and floodplain in ArcMap from RTK-GNSS 

points collected in 1.1). 

1.3) Define a mesh and running 2D hydraulic model simulations in MIKE by DHI in order to get a 2D 

representation of depth and depth-averaged water velocity, as well as shear coefficients. 

 

2) Collecting biological data  

2.1) Participate and collect data during electrofishing- and redd surveys in GR, as well as in other 

instances where data can be collected on GR salmon and trout physiology and metrics. 

2.2) Parameterize inSTREAM’s parameters for Atlantic salmon and large brown trout, taking into 

account the need for GR-specific data in some parameters. In which case, use data from 2.1.) Else, 

review literature, ask for raw data or digitize figures.   

 

3) Integrate 1 and 2 into inSTREAM 

3.1) Perform initial simulations. Calibrate, validate and verify model. 

3.2) Run the “no action” scenario and test model sensitivity. 

3.3) Run scenarios with different flow- and spawning gravel restoration options. 
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