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A B S T R A C T   

River fragmentation is an increasing issue for water managers and conservationists. Barriers such as dams 
interfere with freshwater fish migration, leading to drastic population declines. While there are a range of widely 
implemented mitigation approaches, e.g. fish passes, such measures are often inefficient due to suboptimal 
operation and design. There is increasing need to be able to assess mitigation options prior to implementation. 
Individual based models (IBMs) are a promising option. IBMs can simulate the fine-scale movement of individual 
fish within a population as they attempt to find a fish pass, incorporating movement processes themselves. 
Moreover, IBMs have high transferability to other sites or conditions (e.g. changing mitigation, change in flow 
conditions), making them potentially valuable for freshwater fish conservation yet their application to the fine- 
scale movement of fish past barriers is still novel. Here, we present an overview of existing IBMs for fine-scale 
freshwater fish movement, with emphasis on study species and the parameters driving movement in the 
models. In this review, we focus on IBMs suitable for the simulation of fish tracks as they approach or pass a 
single barrier. 

The selected IBMs for modelling fine-scale freshwater fish movement largely focus on salmonids and cyprinid 
species. IBMs have many applications in the context of fish passage, such as testing different mitigation options 
or understanding processes behind movement. Existing IBMs include movement processes such as attraction and 
rejection behaviours, as reported in literature. Yet some factors affecting fish movement e.g. biotic interactions 
are not covered by existing IBMs. As the technology available for fine scale data collection continues to advance, 
such as increasing data linking fish behaviour to hydraulics, IBMs could become a more common tool in the 
design and implementation of fish bypass structures.   

1. Introduction 

Migratory success is an integral component of the life cycles of many 
aquatic species, for example salmonids which move between feeding 
and spawning grounds (Brönmark et al., 2014). Interfering with the 
migratory process can have catastrophic impacts on fish populations, 
limiting processes such as spawning or feeding thus affecting population 
growth. Fish, especially those travelling large distances between fresh-
water environments and the ocean, require free flowing rivers to survive 
and reproduce (Verhelst et al., 2021). However, over the last century 
anthropogenic activities have increased river fragmentation worldwide. 

Globally the number of riverine barriers such as hydropower plants 

and weirs are increasing (Silva et al., 2018), transforming continuous 
riverscapes into highly fragmented habitats. Such obstructions not only 
prevent fish from reaching essential habitat, but also impact habitat 
quality by indirectly altering the river’s natural flow dynamics: this in 
turn can affect fish populations through a number of ways (Nguyen 
et al., 2018). For instance, barriers can introduce migratory delay, 
stalling fish arrival at spawning grounds such that they arrive late to 
spawning or have expended too much energy on their migration, thus 
impacting reproductive output. Effects may be more indirect, such as the 
alteration or loss of habitat, changes in sediment transport and changes 
in water quality. Along the migratory route, fish may encounter 
numerous obstructions which can have cumulative impacts on the 
population e.g. cumulative mortality or migration delay (Castro-Santos 
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et al., 2017; Davies et al., 2021; Roscoe and Hinch, 2010). Riverine 
barriers have been widely implicated in the decline of many freshwater 
fish populations (Harris et al., 2017; Piper et al., 2017; Silva et al., 
2018). 

Increasing effort is directed towards mitigating barrier impacts. Fish 
passes are commonly implemented to reduce the negative impacts of 
barriers, aiming to restore connectivity throughout otherwise frag-
mented freshwater systems. A variety of fish pass designs exist, from 
nature-like fish passes that emulate natural streams to heavily engi-
neered, technical fish passes, each with different advantages, disad-
vantages and suitability to different species or contexts. Fish passes 
alone are not a panacea to the issues posed by barriers: indeed, they 
cannot reduce the impact of every threat, for example habitat loss and 
decreased water quality. Nevertheless, in lieu of complete barrier 
removal, fish passes theoretically provide fish with a potential alterna-
tive and safer route and are widely installed throughout fragmented 
river systems. However, despite their potential, current fish pass 
implementations have been widely ineffective at restoring fish pop-
ulations (Pelicice et al., 2015; Silva et al., 2018). 

Fish passes may fail for numerous reasons. Many pass designs are 
selective on species, size and lifestyle. Historically most fish passes were 
designed for passing economically important species such as salmonids 
as opposed to restoring wider ecological connectivity, with a bias to-
wards upstream movement, e.g. adult salmon for their economic and 
recreational benefits (Birnie-Gauvin et al., 2019; Noonan et al., 2012; 
Silva et al., 2018; Williams et al., 2012), and rarely permit bidirectional 
movement (Cooke and Hinch, 2013). Downstream passage has received 
far less attention, even for juvenile salmonids (Williams et al., 2012). 
Furthermore, fish pass design has emphasised swimming performance as 
defining criteria. Often fish passes have been designed for economically 
important adult salmonids (Silva et al., 2018), strong swimmers 
compared to many other freshwater species, and are seldom appropriate 
for non-salmonid species which have significantly lower passage effi-
ciency (Noonan et al., 2012). Moreover, barriers introduce complex 
hydraulic signals into the riverine environment. Hydraulic cues guide 
fish during their migration (Lucas and Baras, 2001; Silva et al., 2020) 
and the barrier environment can be void of appropriate hydraulic cues, 
confusing migrating fish and providing insufficient guidance to safe 
passage. It is important to recognise that there is no one-size-fits-all 
approach for solving the issue. Insights into fish behavioural responses 
to barrier-induced flow conditions are a critical step for improving fish 
passage (Gisen et al., 2017). 

Overall passage success is the outcome of separate processes and is 
not defined by a single event alone. Fish must locate, enter and then pass 
through a fish pass, forming three separate sequential stages when 
considering overall fish passage performance (Castro-Santos, 2011; 
Cooke and Hinch, 2013; Silva et al., 2018) and each stage could be a 
cause of or contributor to passage failure. Success or failure at any of 
these stages is determined by numerous factors, from swimming ca-
pacities to behavioural choices (Silva et al., 2018). Effective mitigation 
hinges on identifying at which stages passage failures arise – do fish 
succeed at finding the pass but fail to enter? Are fish unable to locate the 
pass at all? Or do the fish manage to find and enter the pass but are 
unable to traverse the pass itself? Fish passage could fail at any stage and 

it is vital to understand where issues occur. Locating a fish pass is the 
crucial step but success at attracting fish does not necessarily translate to 
success at passing them. For example, in their meta-analysis of passage 
and attraction efficiencies, Bunt et al. (2012) found that nature-like fish 
passes had lower attraction efficiency compared to technical fish passes 
but were more efficient at passing the fish that manage to enter. In short, 
studies that do not address the separate components of fish passage may 
risk attributing passage failure to the wrong aspect. Differentiating 
where failure is arising is important for finding appropriate solutions. 
Moreover, in sites with multiple available routes for fish, there is a need 
to understand why passage efficiencies differ between routes and the 
parameters driving route selection. Fish pass attraction lies at the crux of 
these questions: without success in locating a fish pass, there is no 
possibility of successful passage (Cooke and Hinch, 2013). Determining 
existing passage proportions and ways to increase passage is a vital step 
towards effective barrier mitigation. To achieve that, an understanding 
of the cues facilitating passage or attraction must be developed. Quan-
tifying such cues and translating them into improved fish pass design is 
critical for developing more efficient bypass systems (Silva et al., 2018). 

Current mitigation often employs a trial-and-error approach, though 
cases of adaptive management in the barrier context are rare (Birnie--
Gauvin et al., 2017). A fish pass is installed and passage efficiency is 
monitored with adjustments made as necessary. In most cases, moni-
toring ceases for considerable time: passes are installed and assumed to 
be sufficient. The major drawback of this approach is the cost, both 
economically and in time (Williams et al., 2012). Furthermore, ecolog-
ical connectivity and fish migration is hampered until a suitable solution 
is found. Determining the efficiencies of potential solutions prior to 
installation would be a more effective approach. Scientific understand-
ing of fish behaviour prior to passage is integral to developing efficient 
fishways for a variety of species (Silva et al., 2018). There is need to 
understand the processes leading a fish to a fish pass: habitats used, 
effects of attraction flows, other guidance mechanisms etc. Linking 
fine-scale fish movement to relevant environmental parameters in the 
context of a barrier is an essential step towards improved fish pass 
efficiency. 

Over recent decades, technological advances in high-throughput 
wildlife tracking systems and hydraulics have enabled increased data 
collection regarding fish movement past barriers (Nathan et al., 2022). 
The interdisciplinary field of ecohydraulics seeks to close knowledge 
gaps regarding fish movement in the complex hydraulic environment 
created by barriers. Fine-scale acoustic telemetry is providing vast 
quantities of fish positional data, estimating fish positions at fine-scales 
as they move through river systems. Coupling acoustic telemetry data 
with hydraulic modelling, e.g. computational fluid dynamic (CFD) 
modelling, sheds further light on fish behaviour – what cues are they 
responding to? Are there patterns in movement and flow? - from which 
we can tease apart the complex behaviours of fish attempting to find and 
pass through a fish pass, and ultimately be able to predict mitigation 
efficiencies before implementation. However, to cope with such high 
data quantities and move towards a practical application, suitable 
methods are needed to process and understand the gathered data. 

Modelling is a promising approach for finding effective fish pass 
solutions prior to implementation, though its practical application re-
mains limited. Among the main reasons for the limited applications are 
the challenges related to integrating all required ecological variables 
and processes, gathering the necessary field data, user convenience and 
model reliability as well as staff cost limitations (Goethals and Forio, 
2018). Many migration modelling techniques exist, but there is little 
literature on fish passage modelling and simulation and their bench-
marking in function of different management questions is particularly 
lacking. Correlative modelling approaches are accessible tools that have 
already been applied to understand and then predict aspects of fish 
passage science, for example parameters affecting route selection or 
affecting trap effectiveness by a weir (Piper et al., 2012; Silva et al., 
2020; Szabo-Meszaros et al., 2019, 2021). Such approaches have been 

Abbreviations 

CFD Computational fluid dynamics 
IBM Individual based model 
NFS Numerical fish surrogate 
POM Pattern orientated modelling 
SQD Sensory query distance 
SVG Spatial velocity gradient  
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applied with success in spatial ecology to link environmental parameters 
and species distributions, providing insight in habitat usage and allow-
ing the prediction of habitat suitability at new study sites (Aarts et al., 
2008). However their transferability to other sites or conditions beyond 
the calibrating data can be limited (Zurell et al., 2009) as underlying 
processes directing species distribution and movement may not be 
captured by models (Yates et al., 2018). Fish behaviour in the complex 
flow regions can be nuanced and may not be accurately captured by 
correlative approaches particularly where the goal is for predicting 
movement. Instead, models describing the biological mechanisms and 
relating those to environmental parameters may be more suited for a 
transferable tool predicting fish passage. 

Individual based models (IBMs) are one method to model the bio-
logical mechanisms behind movement. Rather than describing envi-
ronmental parameters and observed outcomes IBMs can capture 
individual processes, behaviours, and responses to parameters under 
changing conditions. With that, IBMs can simulate individual fish 
movement as they navigate the flow fields and are a potential option to 
test fish pass solutions in advance. Model outputs can be extrapolated 
from the individual level to show resulting population-level patterns e.g. 
passage attraction efficiency (Grimm and Railsback, 2005), the param-
eter of interest to management. High-throughput movement data are 
invaluable to feed IBM development and additionally validate IBMs at 
fine spatio-temporal scales. Increasing computational power over recent 
decades further encourages IBM application (Grimm and Railsback, 
2005). IBMs place emphasis upon the individual processes that produce 
wide-scale observations and thus are suitable for dealing with the 
question of fish passage, permitting management to consider a range of 
mitigation options and determine the optimal choice prior to 
implementation. 

In this article, we firstly provide a brief overview of IBMs in ecology, 
highlighting their potential in the context of fish movement near fish 
passes. We then review key parameters influencing fish navigation and 
passage which could be considered when conceptualising IBMs for this 
problem. Next, we summarise the existing extent to which IBMs have 
been applied to model fine-scale freshwater fish migration and move-
ment, particularly past barriers, and the corresponding parameters used 
to simulate fish movement. Lastly, we look at the current gaps in existing 
IBMs and suggest future directions. 

2. Individual-based models in ecology 

Over the last few decades IBMs have emerged as a valuable tool to 
model complex ecological problems. Through a bottom-up approach, 
IBMs capture fine-scale behaviours of and interactions between indi-
vidual components of a system from which population-level phenomena 
can emerge and can do so across multiple spatial and temporal scales 
(DeAngelis and Grimm, 2014; Stillman et al., 2015). Over the last five 
decades, IBMs have been widely applied to topics in ecology, such as 
population dynamics, species reintroductions, and animal movement, as 
well as to riverine fish (Jager and DeAngelis, 2018). 

Many ecological questions have already been tackled with IBMs and 
existing applications of IBMs show potential for modelling fish passage. 
Of particular interest is the ability of IBMs to model individuals moving 
through space at very fine scales. IBMs are capable of simulating 
movement between cells of 2 m2 area (Malishev et al., 2018) or by using 
coordinate systems where the model stores the exact coordinates of an 
individual in the system at each time step (Scutt Phillips et al., 2018) and 
thus individual tracks can be obtained from simulations. Other indi-
vidual attributes can be simulated in addition to movement, such as 
individual mass and energy consumption (Snyder et al., 2019), energy 
budget (Malishev et al., 2018) or reproductive state (Wang and Grimm, 
2007): such parameters can in turn shape movement decisions (Malishev 
et al., 2018; Snyder et al., 2019). An IBMs simulating individuals could 
be used to simulate fish movement as they approach a barrier and fish 
pass. 

A further attraction of IBMs is their ability to predict beyond the 
scope of their calibrating data and the capability of field studies. As a 
result, IBMs have often been used to explore long term changes in nature 
(Grimm and Railsback, 2005), such as predicting the effect of changing 
environmental conditions upon animal populations and demographic 
processes (Hedger et al., 2013; Stillman et al., 2015). Moreover, IBMs’ 
capacity for transferability (e.g. applying to different locations) and 
prediction is greater compared to traditional methods (Stillman et al., 
2015). For example, IBMs have been used to predict the success of 
species reintroduction over long time scales beyond the possibility of 
real-life testing, such as the ecological impact of species reintroductions 
over long timeframes e.g. 100 years (Ovenden et al., 2019). Across large 
temporal and spatial scales, animal movement can be simulated through 
time and under changing environmental conditions. Spatially-explicit 
IBMs can also incorporate physiological and life-history traits, 
providing a comprehensive simulation of population responses to 
environmental changes (Parry et al., 2006; Warwick-Evans et al., 2018). 
Regarding fish passage, the predictive capacity of IBMs is beneficial, 
enabling simulations for sites or scenarios where data is lacking. For 
example, IBMs could be used to simulate fish movement under different 
mitigation methods for fish passage at a barrier to visualise how each 
mitigation option shapes fish movement and passage success. 

In the context of riverine barriers, IBMs could capture the intricate 
processes driving fish navigation leading to overall passage success. 
Including both fine-scale interactions and individual movement in IBMs 
along with the predictive capacity would be beneficial for assessing fish 
passes. Passage success is a population-level phenomenon determined 
by the behaviours and responses of individual fish in the system. By 
simulating individual fish movement as they approach a barrier and 
their interactions with hydraulic parameters, population-level attraction 
and passage efficiencies could be estimated. Moreover, simulations 
could run under a range of flow situations and barrier configurations 
appropriate to each site, providing management with a means to 
elucidate mitigation efficiency prior to implementation. Additionally, by 
having fish respond to hydraulic characteristics themselves, IBMs could 
then be applied to other systems provided the necessary hydraulic data 
exists. Such models would be a strong tool to understand the effects of 
different management options upon fish passage and populations, and to 
improve overall efficiency. 

3. Current knowledge of parameters influencing fish passage 
and movement 

Before examining existing IBMs for modelling riverine fish move-
ment and behaviour, the parameters and processes underpinning fish 
passage success should be considered. Identifying influencing parame-
ters is an important part of IBM development, providing parameters and 
cues to guide simulated fish. Much effort has been directed towards 
untangling the underlying biotic and abiotic parameters that dictate 
whether a fish will successfully find and pass a fish pass. Studies include 
field work and lab experiments and feature various taxa, though with a 
disproportionate focus on salmonids (Noonan et al., 2012; Roscoe and 
Hinch, 2010). 

Biotic parameters can heavily influence passage success. Species- 
specific traits can affect fish behavioural responses and other parame-
ters thereby influencing passage success (Kemp et al., 2008; Russon and 
Kemp, 2011). Moreover, fishway attraction can differ with sex and 
phenotype (Lothian et al., 2020) and passage success can be affected by 
an individual’s total length (Croze, 2007). Fish swimming capacity and 
the ability to overcome any unfavourable flows further affects each 
component of overall passage efficiency: swimming capacity is in turn 
influenced by intrinsic parameters including species and length. 
Species-specific differences in swimming behaviour also exist (Russon 
and Kemp, 2011). European eels (Anguilla) navigate along the banks of 
rivers and near the channel floor in both directions (Piper et al., 2012, 
2015; Russon and Kemp, 2011) thus are more likely to find passes in 
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those areas, whereas brown trout (Salmon trutta) approach higher in the 
water column (Russon and Kemp, 2011). Wide variation in individual 
fish attributes and their ensuing influence upon passage success high-
lights the need to account for such characteristics when modelling fish 
movement past a barrier. Although species-specific and intrinsic factors 
can influence fish behavioural responses to environmental stimuli, 
general relations also exist. 

Hydraulic parameters are the dominant cue guiding fish navigation 
in the vicinity of a barrier (Silva et al., 2018). Understanding the link 
between hydraulic parameters and fish movement is critical for efficient 
fish pass design (Williams et al., 2012). Fish have evolved under natural 
flow conditions and are susceptible to the extreme conditions imposed 
by anthropogenic riverine structures (Taylor and Cooke, 2012). Com-
plex and unpredictable flow fields, like those in barrier environments, 
widely repel fish across a range of studies (Williams et al., 2012). Fish 
often reject areas of rapid changes in water velocity (Enders et al., 2009, 
2012; Piper et al., 2015). On experiencing the rapid change, fish sharply 
change direction to avoid the area, likely as a safe-guarding mechanism 
to avoid any dangers usually associated with rapid flow changes e.g. 
physical injury (Enders et al., 2012). Though fish often reject increasing 
flow, accelerating water is not always detrimental. Under low flow 
conditions, flow acceleration can attract fish (Piper et al., 2012) and 
introducing additional flow at passes to attract fish is often used in an 
attempt to increase passage (Piper et al., 2012; Silva et al., 2009). 

Turbulence can also influence fish movement. The term turbulence is 
used for the irregular movement of fluid particles with intersecting 
pathways and is commonly measured by the temporal fluctuations of 
flow velocity in relation to mean values (turbulence intensity). Bighead 
carp (Hypophthalmichthys nobilis) in a vertical slot fishway preferred 
median values of turbulent kinetic energy (TKE; the sum of the variances 
of the velocity components) and alongside water velocity, TKE had a 
strong effect on fish movement (Tan et al., 2019). Meanwhile, guppy 
(Poecilia reticulata) turbulence usage in open channel flume experiments 
varied with fish size: smaller fish exploited high turbulence zones 
(Hockley et al., 2014), additionally demonstrating the interaction be-
tween individual fish characteristics and their environment. The high 
turbulence zones in Hockley et al.‘s study also corresponded with low 
velocity: larger fish stuck to high velocity regions and time spent in high 
velocity regions increased with increasing standard length. Elsewhere, 
Iberian carp (Luciobarbus bocage) avoided high turbulence areas in 
experimental work (Silva et al., 2012). Turbulence’s influence can be 
context dependent. Under high turbulence conditions, Pacific lamprey 
(Entopshenus tridentatus) moved towards low TKE while under low tur-
bulence conditions they were more likely to move towards areas of high 
TKE (Kirk et al., 2017). Other work on sea lamprey (Petromyzon marinus) 
shows some attraction to turbulence (Zielinski et al., 2020). While tur-
bulence may influence fish movement its effects are not universal, 
indicating the need to consider species and individual parameters as 
well. 

Existing knowledge of factors influencing fish movement provides 
invaluable data and insight for IBM development. Data from laboratory 
and field studies can shed light on the interactions between fish and their 
environment and corresponding behaviours which could be incorpo-
rated into an IBM. Integrating data from previous studies into IBM 
development can assist predicting fish pass passage efficiency and thus 
improve fish pass development and design. 

4. Existing IBMs for freshwater fish movement 

A database search was conducted to find existing IBMs applied to 
fine-scale freshwater fish movement with focus on fish passage. The 
following papers resulted from a systematic database search in March 
2021 following the PRIMSA method (Moher et al., 2009). The Scopus 
and Web of Knowledge databases were searched with the following 
word-string: ((“individual based model” OR “individual-based model” 
OR “agent based model” OR “agent-based model")) AND ((move*)) AND 

((freshwater OR river OR riverine)) AND (fish). The database search 
produced 109 records (Scopus, n = 25; Web of Knowledge, n = 84): after 
duplicates were removed, 91 papers remained. Two papers were 
included from other sources resulting in 93 papers. Papers were 
screened by their abstracts to determine their relevance for the review. 
Review papers were excluded. Papers were retained if they: developed 
an IBM concerning fish movement; modelled fish trajectories as opposed 
to spatial distribution; concerned relatively fine-scale modelling; 
explained model parameters; and were based on the freshwater or 
estuarine environment. Seventy-seven papers were excluded at this 
stage. Of the 16 remaining papers, all were accessible in full text online. 
Two papers were excluded on reading the full text as they were deemed 
not relevant for focusing on population dynamics and for not fully 
developing an IBM. Another two papers were also removed for dealing 
with IBMs across larger temporal and/or spatial scales (e.g. 100s of km) 
without modelling fine-scale movement as the focus on this review is on 
IBMs for fine-scale movement when approaching fish passes. In total, 12 
papers were retained for the review; these are summarised in Table 1 
and Fig. 1. 

The selected IBMs (Table 1) focused on commercially important 
species such as salmonids (n = 9) and carp (n = 6). Models were also 
applicable to six other taxa listed in Fig. 1. Most studies focused on a 
single taxon, though some modelled multiple taxa (Haefner and Bowen, 
2002; Zielinski et al., 2018). The selected IBMs together covered 
different life-stages but most only modelled one, e.g. juvenile fish (e.g. 
Goodwin et al., 2014; Lemasson et al., 2008) or adults (e.g. Gao et al., 
2016). One publication incorporated multiple life-stages in its model 
with different model rules for each life-stage (Morrice et al., 2020). 

Several papers describe the same model and detail improvements or 
alternative applications. For example, Goodwin et al. (2006) modelled 
juvenile salmonid migration past dams. The model, hereafter called the 
Numerical Fish Surrogate (NFS) as it is termed in Goodwin et al. (2006), 
featured in two other publications in this review (Goodwin et al., 2014; 
Weber et al., 2006). In addition, Lemasson et al. (2008) expanded upon 
ideas published by Haefner and Bowen (2002) while Gilmanov et al. 
(2019) extended the model of Zielinski et al. (2018). Thus, the number 
of distinct existing IBMs in this context is less than appears. 

Eleven of the 12 IBMs in this review have been applied in the context 
of barriers: the remaining IBM (Morrice et al., 2020) modelled estuarine 
migration and calculated fish positions every 36 s thus was retained for 
this review. With regards to fish passage, IBMs have been applied to a 
variety of questions and used to simulate under different conditions e.g. 
different sites and modelled processes (Table S1) reflected model goals 
and questions. Several models were applied to testing behavioural the-
ories (Goodwin et al., 2014; Lemasson et al., 2008). For example, 
Goodwin et al. (2014) tested multiple movement theories (including 
passive movement, only attraction to faster flows etc.) for downstream 
migrating juvenile salmonids and compared simulated and observed 
passage proportions. Moreover, IBMs were used to understand cues 
driving observed behaviour patterns by trying to replicate observed 
patterns by simulating fish (Gao et al., 2016; Tan et al., 2018). IBMs have 
also been created for applied problems, e.g. testing different configu-
rations and assessing subsequent passage efficiencies and routes 
(Goodwin et al., 2006; Weber et al., 2006) or salvage efficiency of fish 
extraction facilities (Haefner and Bowen, 2002). Padgett et al. (2020) 
successfully assessed eel passage efficiency through eel tiles over a range 
of installation angles and flow discharges thereby concluding low slopes 
and low discharges were most favourable for eel passage. Other IBM 
applications included assessing the impacts of configurations on both 
native and invasive species, to determine if measures taken to prevent 
invasive spread would negatively impact native populations (Zielinski 
et al., 2018) and to estimate invasive species passage past locks and 
dams (Gilmanov et al., 2019). The specific goals and intended applica-
tions of the selected IBMs influenced the parameters used by the models 
to direct movement (Table S2). 
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4.1. Space, sensing and movement 

When simulating individual fish movement, it is important to 
consider how space itself is addressed. Spatially-explicit IBMs move a 
simulated individual through space, which can be treated as continuous 
(e.g. Lagrangian methods or frameworks) or discrete (e.g. Eulerian 
meshes). Most of the selected papers used discrete space, where avail-
able locations for the individual are limited or predefined, generally by a 

regular lattice or mesh. Additionally, selected papers modelled space in 
two-or three dimensions (Table 1). Some studies described space as a 
series of nodes, where fish can move from one node to another in each 
time step (Gilmanov et al., 2019; Zielinski et al., 2018). Alternatively, 
grid cells (Padgett et al., 2020; Scheibe and Richmond, 2002) or mesh 
cells (Gao et al., 2016; Tan et al., 2018) were used to compartmentalise 
available space for individuals. In the cases of Padgett et al. (2020) and 
Tan et al. (2018), the grid was composed of regular squares while others 

Table 1 
Details of the selected IBMs for freshwater fish that can be applicable to fish passage. Latin names are provided where included in the original text. In the column “study 
aims”, passage refers to when a model simulates fish movement from one side of a barrier to the other.  

Study Species Study aims Direction Dimension 

Gao et al. (2016) Trout Within-pass movement Upstream 2D 
Gilmanov et al. 

(2019) 
Big head carp (H. nobilis), silver carp (H. molitrix) Passage Upstream 3D 

Goodwin et al. 
(2006) 

Salmonids Pass finding Downstream 3D 

Goodwin et al. 
(2014) 

Salmonids (Oncorhynchus spp.) Pass finding Downstream 3D 

Haefner and Bowen 
(2002) 

American shad (Alosa sapidissima), Splittail (Hypomesus transpacificu), white catfish (Ictalurus catus), 
Delta smelt (Hypomesus transpacificu), Chinook salmon (O. tshawytscha), striped bass (Morone 
saxatilis) 

Movement in fish 
extraction facility 

Downstream 2D 

Lemasson et al. 
(2008) 

Rainbow trout (Oncorhynchus mykiss) Within-pass movement Downstream 2D 

Morrice et al. 
(2020) 

Chinook salmon Estuarine migration Downstream 3D 

Padgett et al. (2020) European eel (Anguilla) Within-pass movement Upstream 2D 
Scheibe and 

Richmond (2002) 
Steelhead, chinook salmon Passage Downstream 3D 

Tan et al. (2018) Silver carp (H. molitrix) Within-pass movement Upstream 2D 
Weber et al. (2006) Salmonids Pass finding Downstream 3D 
Zielinski et al. 

(2018) 
Big head carp (Hypophthalmichthys nobilis), silver carp (H. molitrix), lake sturgeon (Acipenser 
fulvescens) 

Passage Upstream 3D  

Fig. 1. A summary of the selected IBMs in terms of species modelled, parameters included in the simulations and model applications, in the context of fish passage.  
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used triangular cells (Gao et al., 2016). Only one model, which modelled 
fish over a wider area than the rest included a metric of habitat suit-
ability (Morrice et al., 2020). Most of the remaining models covered 
either a short stretch of the river or within a fish pass. 

Fish possess a range of sensory organs that allow them to detect the 
physical environment around them and thus simulations need to repli-
cate that. Of note when considering hydraulics is the mechanosensory 
lateral line system: the lateral line detects water movement via which 
fish can sense hydraulic conditions, physical objects or other fish 
(Mogdans, 2019). The ‘active space’ of the lateral is generally 1–2 times 
the fish’s body length, although depends on other factors such as stim-
ulus size (Coombs, 1999; Goodwin et al., 2006). In spatially-explicit 
IBMs, the simulated individual can assess its surroundings prior to 
movement. The sensory range of individuals varies between IBMs in this 
review. In Padgett et al. (2020), the fish individuals evaluated neigh-
bouring cells, from which individuals could pick the next cell to move to 
with priority for upstream movement. Other models defined a range 
within which fish can assess their surroundings, such as a sensory ovoid 
to represent the sensory range of the lateral line. The Sensory Query 
Distance (SQD; Fig. 2) is a concept representing the sensory range of a 
fish’s lateral line system that affects the scale of the sensory ovoid in the 
NFS (Goodwin et al., 2006, 2014; Weber et al., 2006) and is composed of 
two metrics: biological SQD and the CFD SQD. In the NFS, the biological 
SQD is influenced by fish body size and model time increment, e.g. 
larger fish have a larger SQD. The CFD SQD is used to estimate envi-
ronmental gradients and varies spatially. The SQD used for each time 
step is the largest out of the biological and CFD SQDs, and values 
randomly fluctuate at each time step (Goodwin et al., 2006, 2014; 
Weber et al., 2006). The SQD concept along with a sensory circle was 
also used by Gao et al. (2016) and Tan et al. (2018) where fish evaluated 
cells along the sensory circles’ periphery and moved into those with 
preferred TKE values (Gao et al., 2016). Similar approaches defined a 
sensory range within which fish individuals could sense potential loca-
tions for movement (Zielinski et al., 2018). Here, sensory range was 
defined as half the fish’s total length, though would increase if fish had 
fewer than three nodes available to move to in a time step (Zielinski 
et al., 2018). Gilmanov et al. (2019) modified this to change sensory 
range with the resolution of the computational mesh, as it varied. The 
sensory range of fish was key to dictating movement in other models 
(Haefner and Bowen, 2002; Lemasson et al., 2008): these models 
modelled fish movement in relation to physical structures, thus altering 
simulated fish’s sensory range was the main avenue to alter simulated 
movement patterns. Providing a good approximation of fish sensory 

range is important for realistic simulations. 
Movement itself was determined differently among models, with 

target species and study goals influencing chosen approaches. In the 
absence of other stimuli, some papers modelled fish movement as pas-
sive with the flow vector (Goodwin et al., 2006; Lemasson et al., 2008; 
Weber et al., 2006) or tested passive movement as one possible option 
(Goodwin et al., 2014; Morrice et al., 2020; Scheibe and Richmond, 
2002). Passive movement is of particular interest for downstream 
migrating fish where movement is more passive as fish move with the 
flow, although downstream movement is not entirely passive (Thorstad 
et al., 2012; Williams et al., 2012). Random walks, such as correlated 
random walks (Scheibe and Richmond, 2002) and biased correlated 
random walks (Goodwin et al., 2014; Morrice et al., 2020) were also 
frequently used to simulate fish movement, with fish swimming speeds 
determined by fish length and published swimming speed-body length 
relationships. Random walks permit simulated fish movement to be in-
dependent of flow. Other options for determining movement include 
abiotic and biotic parameters (as discussed in 4.2 and 4.3), such as the 
random selection of available cells for movement based on water ve-
locity and known swimming speeds (Padgett et al., 2020). The IBMs in 
this review generally focused on unidirectional movement with some 
constraining fish movement into only the direction of interest (e.g. 
Zielinski et al., 2018), which prevents rejection or return behaviour as 
observed in several fish species. Other studies introduced bias or pref-
erence for the direction of interest (Goodwin et al., 2014). Movement 
paths were further dictated or altered by a variety of parameters 
(Table S2). 

4.2. Abiotic parameters 

Abiotic parameters were widely included, influencing simulated fish 
behaviour and thus movement. Hydraulic parameters were common 
stimuli in models. In the NFS hydraulic parameters, specifically total 
hydraulic strain (Goodwin et al., 2006; Weber et al., 2006) or water 
acceleration (Goodwin et al., 2014), triggered different behavioural 
processes or states in simulated fish. The NFS had four behavioural 
states; a base state where the individual moves downstream, two states 
in response to water acceleration or hydraulic strain, one causing 
attraction and the other rejection, and a state relating to water pressure 
to correct swimming depth. Attraction or rejection to water acceleration 
or changes in water velocity have been reported in literature for some 
species and such changes in water velocity may be prevalent in the 
altered environment near barriers (Enders et al., 2012; Piper et al., 
2015). Goodwin et al. (2014) further included memory capabilities: fish 
were influenced by their recent experiences and could become habitu-
ated to water velocities and eventually pass through a previously 
rejected area. 

Hydraulic parameters were also used to assess space preference. 
Some IBMs allowed fish to evaluate cells within their sensory range and 
move towards preferred values, e.g. based on turbulent kinetic energy 
(Gao et al., 2016) or a combination of hydraulic descriptors (Tan et al., 
2018). Other IBMs allowed fish to alter swimming path and speed when 
a physical obstruction was detected (Haefner and Bowen, 2002; 
Lemasson et al., 2008): here, the IBMs defined a distance from which a 
structure could elicit a response. Haefner and Bowen (2002) and 
Lemasson et al.’s (2008) models were specifically for downstream 
movement within fish passes, where the flow may cause collisions be-
tween fish and structure. 

4.3. Biotic parameters 

Simulated movement was further influenced by combining hydraulic 
values with physiological aspects. Lemasson et al. (2008) included en-
ergetic levels of individuals using a relationship between oxygen 
depletion rate and swimming speed: thus, fish energetic costs when 
avoiding physical obstructions could be simulated. Fatigue is an 

Fig. 2. Diagram demonstrating the sensory query distance (SQD) as used in the 
Numerical Fish Surrogate model (Goodwin et al., 2006, 2014; Weber et al., 
2006) and in models by Gao et al. (2016) and Tan et al. (2018). Diagram 
adapted from Goodwin et al. (2006). 
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important element that can affect fish passage (Katopodis et al., 2019) 
particularly where fish may need to overcome high water velocities and 
was simulated in some of the selected IBMs, further influencing passage 
success. In the IBMs of Gilmanov et al. (2019) and Zielinski et al. (2018), 
fatigue influenced fish movement: minimising accumulated fatigue was 
a deciding factor for fish movement, using water velocity in-conjunction 
with fish swimming velocity to select a location to move to that would 
result in the least fatigue. In addition, fish could reach total exhaustion 
and cease passage. Padgett et al. (2020) simulated fatigue by calculating 
the time required to complete a movement step and determining if the 
step was feasible. Fish were classified as exhausted if the calculated time 
exceeded burst speed sustainment (Padgett et al., 2020). Similarly, 
Haefner and Bowen (2002) included time to exhaustion of simulated fish 
using swimming speeds and time spent in different swimming modes. 
Padgett et al. (2020) also classified cells as passable or impassable based 
on published eel burst swimming speeds. Cells where water velocity 
exceeded median eel burst swimming speeds were not available for the 
individual to move into and the next cell occupied was randomly 
selected from passable cells. Including fatigue required some measure of 
swimming capacity. Models including swimming capacity tended to be 
in the upstream direction though not all models simulating 
upstream-moving fish accounted for swimming capabilities (Gao et al., 
2016; Tan et al., 2018). Most downstream simulations also did not 
include a measure of swimming capacity (see further discussion in sec-
tion 5.1). Haefner and Bowen (2002) was an exception: here, fish 
swimming mode was adjusted depending on position in the system and 
time spent in burst swimming mode affected exhaustion. In models 
including swimming capabilities, such values varied among individuals. 

The ability to assign individual attributes to simulated individuals is 
a major advantage of IBMs. As in reality, size variation of simulated fish 
could alter swimming capacity. In the selected IBMs for fish passage, this 
could lead to unique fatigue accumulation for individual fish thereby 
determining individual movement paths (Gilmanov et al., 2019; Zie-
linski et al., 2018). Zielinski et al. (2018) simulated natural variation in 
body size and swimming ability such that individuals represented a 
range of size and swimming abilities. With total length affecting fish 
passage success (Croze, 2007), this is a desirable attribute of IBMs. 
Moreover, individual attributes can be modelled. Morrice et al. (2020) 
included a bioenergetics sub-model that modelled individual growth 
rates based on other parameters such as habitat suitability and tem-
perature. Some models did not vary individuals intrinsically (e.g. Gao 
et al., 2016; Goodwin et al., 2014, 2006; Tan et al., 2018; Weber et al., 
2006). In addition to intrinsic individual variation, Morrice et al. (2020) 
also randomised starting points of individuals thereby introducing 
further variability to the model. 

Further variation existed in IBMs concerning multiple species and/or 
life-stages. For multi-species models, size range, swimming performance 
and other attributes were species-specific (Haefner and Bowen, 2002; 
Zielinski et al., 2018). For each species modelled, Haefner and Bowen 
(2002) had different values in the model for burst, prolonged and 
preferred swimming speeds. Zielinski et al. (2018) did not vary swim-
ming performance with species in their model as published values were 
similar, but each species was sized from different length distributions 
which influenced swimming speed. In the case of Morrice et al. (2020), 
changing model parameters was not sufficient. Instead, for their IBM of 
yearling and sub-yearling salmon, each group had separate motivations 
underpinning their movement, thereby altering models. Yearling salmon 
were motivated by efficient passage through the system whilst the 
sub-yearling strategy was to find appropriate habitat to optimise growth 
(Morrice et al., 2020). In multi-species/life stage models for fish passage, 
the differences in model parameters or in behavioural motivations be-
tween groups is an important consideration. The inclusion of multiple 
species is a desirable attribute for management, permitting the simula-
tion of the fish passage of several target species under one model. 

4.4. Model validation 

The selected IBMs were validated in numerous ways, often linking 
back to the intended model purpose. Commonly, model outputs or 
simulation results were compared to real data: for example displacement 
(Scheibe and Richmond, 2002), travel times (Morrice et al., 2020), or 
passage efficiencies (Padgett et al., 2020; Zielinski et al., 2018). The 
latter is of particular interest for future IBMs for fish passage, demon-
strating that IBMs can accurately predict fish passage proportion. Some 
of the selected studies also applied their model to other sites or config-
urations and compared passage proportions between simulated and real 
values with goodness of fit or root-square-mean error (Goodwin et al., 
2006, 2014; Weber et al., 2006): these approaches also illustrated the 
models’ transferability to other sites and dam configurations, an 
important consideration if such models are to be used as a tool for 
informing management. Two models (Gao et al., 2016; Tan et al., 2018) 
did not validate their simulations with other data, instead assessing 
model performance via comparing their simulated tracks to the tracks 
used to calibrate. 

5. Current limitations and future solutions 

5.1. Existing IBMs and current gaps 

Already, several IBMs exist for modelling freshwater fish movement 
and cover a range of situations, species, and parameters. The selected 
IBMs in this review were compared with in vitro studies on fish 
behaviour to determine missing elements that may be of value to fish 
passage IBMs. Combining processes and elements from the selected IBMs 
presented in this review with missing elements could provide a tool for 
realistic simulation of fish movement around barriers, with study- 
specific constraints and limitations. Including all these elements may 
not be computationally feasible at this point in time. However, we 
highlight what approaches exist and what further elements could be 
considered in the future. 

5.1.1. Additional factors for describing movement 
Parameters used in the selected models link back to established 

experimental literature on fish movement in the context of barriers. The 
NFS model (Goodwin et al., 2006, 2014; Weber et al., 2006) incorpo-
rated attraction and rejection behaviours which have been recorded in 
salmonids (Enders et al., 2009, 2012; Vowles et al., 2014) and European 
eels (Piper et al., 2015). Flow attraction has long been considered as one 
avenue to increase passage success. Juvenile salmonids may avoid areas 
of accelerating flow (Enders et al., 2009). Enders et al. (2012) hypoth-
esised that spatial velocity gradients (SVG) exist for decelerating and 
accelerating flows at which fish would avoid. With accelerating flow, the 
flow velocity which triggered avoidance varied with flow conditions 
while SVG remained similar (Enders et al., 2012). European eels also 
reject areas of high velocity acceleration, causing eels to swim faster and 
further (Piper et al., 2015). Additionally, fish tend to exhibit attraction 
to and exploit areas of predictable flow while avoiding chaotic flow 
regions (Liao, 2007). The behavioural rules of the NFS enable simulation 
of such behaviours thereby facilitating effective bypass design. Other 
processes and stimuli can further influence attraction and rejection: 
presence of light can increase avoidance behaviours (Vowles et al., 
2014) and future models could begin to consider visual cues alongside 
hydraulic when modelling fish movement as they approach a barrier. 

In some cases, parameters used are approximations for what the fish 
may be experiencing. Turbulence cannot be measured directly but is 
characterized by velocity fluctuations which can be described by in-
dicators as e.g. TKE. Turbulence indicators can be derived by measure-
ments or from turbulence models as part of hydraulic models. In 
addition, it should be noted that some environmental parameters may 
not be what fish themselves sense, for example hydraulic strain 
(Goodwin et al., 2006; Weber et al., 2006). To align more closely with 
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fish sensory capabilities, Goodwin et al. (2014) moved to using water 
acceleration as the main influencing parameter in the NFS. As such, it is 
important to remember that parameters which align with fish movement 
may not necessarily be that to which the fish reacts when near barriers 
and fish passes. Advancements are occurring in the area of hydraulic 
sensors that may aid closing this gap (Tuhtan et al., 2016). 

In several IBMs, salmon smolt movement was treated as passive in 
lieu of external stimuli. While passive movement of smolts is a common 
interpretation (Williams et al., 2012), ample evidence now exists that 
their downstream migration does include active swimming and is not a 
solely passive process (Silva et al., 2020; Thorstad et al., 2012). Thus, 
behavioural rules or random walks are worth considering when con-
ceptualising a model as opposed to modelling smolt movement as 
passive. 

Swimming capacity featured in several selected models and has long 
been a focal parameter in fish pass design with salmonid values typically 
the standard. During upstream movement, fish must overcome water 
velocities: in cases of extreme flow, this may not be possible thus it is 
important that upstream models incorporate swimming ability. Selected 
IBMs varied in their implementation of swimming capacity, from 
accumulative fatigue (Zielinski et al., 2018) to impassable cells and re-
gions (Padgett et al., 2020). The latter approach uses water velocity 
thresholds and is something that could be relatively easily implemented 
in models, provided each fish has an associated swimming performance 
metric: such data is often lacking for many freshwater species, particu-
larly if economic importance is not high. In the case of downstream 
migrating smolts, selected IBMs in this review did not include swimming 
performance metrics despite the role of active swimming in downstream 
smolt migration (Silva et al., 2020; Svendsen et al., 2007; Thorstad et al., 
2012). Moreover, swimming capacity may be important for the ability of 
smolts to escape upstream from dangerous or unfavourable flows 
(Thorstad et al., 2012). As IBMs continue to be applied to migrating fish 
and barriers, incorporating physiological parameters in some manner 
must be considered although there is always a trade off with model 
complexity. Values such as swimming performance can be taken from 
other published literature on the topic and integrated into models, 
though may not be available for all species particularly those with less 
economic importance thus requiring experimental work to collect the 
data. 

5.1.2. Integrating habitat suitability with migration modelling 
Fish pass efficiency is generally studied on a relatively small scale (e. 

g. 0–100 m) and few of the selected IBMs consider habitat (e.g. sub-
strate, vegetation) in their models. Indeed, the only model to do so 
(Morrice et al., 2020) did not look at passage but rather modelled 3D 
movement over a wide spatial scale. Rivers can offer a range of habitats 
for fish to exploit, differing in terms of vegetation, substrate, riverbank 
etc. Particularly for heterogenous and less altered waterways near bar-
riers, incorporating some measure of habitat suitability could be bene-
ficial for increasing simulation accuracy. Habitat suitability indexes are 
one way to incorporate habitat. For example, Baetens et al. (2013) 
modelled pike migration in a river and defined the swimming direction 
in spring by potential functions attracting pike to spawning grounds, 
which had a high habitat suitability index. During the remainder of the 
year, the swimming direction was also influenced by the neighbourhood 
and random migration, in addition to the habitat suitability index. 
Though hydraulic cues are the main driver of movement when 
approaching a barrier (Silva et al., 2018), habitat’s influence should also 
be considered during IBM development. 

5.1.3. Individual variation and biotic interactions 
In the wild, individuals vary in size, personality and behaviour but 

these features were not necessarily incorporated into the selected IBMs. 
For example, in the NFS all simulated fish possessed the same biological 
metrics (swimming speed, body length etc.). By comparison, other IBMs 
selected fish size from a normal distribution around known 

measurements and size classes (Zielinski et al., 2018). Individual vari-
ation is an important factor underpinning migration success. In Atlantic 
salmon smolts (Salmo salar), large individual variation existed in the 
relationship between migration speed and river section (Havn et al., 
2017). Moreover, individual variation in attributes like size and swim-
ming performance can influence movement patterns and route choices, 
and individual personality is another source of variability. Indeed, in-
dividual variation is a major component of movement: movement is the 
product of an individual reaction to its environment and the environ-
ment’s interactions with the individual’s traits (Shaw, 2020). In the 
context of fish passage, such variation could influence a fish’s ability to 
find and/or pass a fish pass or indeed its movement process. Including 
individual variation (e.g. through swimming performance or random 
variability) provides a closer representation of real systems and thus 
should be considered in IBM development. 

Some selected IBMs concerned multiple species or life-stages. Multi- 
species or multi-life-stage IBMs would be beneficial for managers, 
providing the necessary simulations under one model though it in-
creases complexity. Multi-species models can be challenging with 
differing attributes and behaviours between species (Szabo-Meszaros 
et al., 2021). In the selected IBMs in this review, those which incorpo-
rated multiple species varied model parameters with species but not the 
underlying processes. For example, different species can be allocated 
different swimming performance values, thereby influencing model 
output (Haefner and Bowen, 2002), or different depth preferences 
(Zielinski et al., 2018), thus affecting the hydraulic conditions experi-
enced by an individual at a given point in time and space and further 
influencing model output. When modelling riverine fish invasions, 
multiple species and life stages were modelled by altering parameters 
relating to dispersal and demographics (Dominguez Almela et al., 2022). 
Thus, separate model parameters for species or life-stage may suffice in 
some contexts. Other alternatives could be to change the scale or slope of 
a threshold at which the simulated fish responds. However, in situations 
where behaviour differs drastically, simply altering model parameters 
may not be appropriate and more elaborate adaptations might be 
necessary. For example, when modelling different salmon life-stages 
during their estuarine migration, Morrice et al. (2020) had separate 
behavioural rules and movement motivations for the two life-stages. In 
some cases, such an approach could be beneficial for modelling separate 
species or life-stages, though this would increase model complexity. 

The selected IBMs covered in this review did not consider the in-
teractions between individual fish in the simulations. Biotic interactions 
are an important parameter influencing animal movement and decisions 
(Greenberg et al., 1997). Schooling behaviour is well-documented in fish 
and passage success could be influenced further by intra-specific in-
teractions during the migration. Some fish migrate and pass barriers in a 
school (Pelicice and Agostinho, 2008; Santos et al., 2014). Schooling can 
have many benefits to the fish that may further impact movement pro-
cesses, such as energy saving (Marras et al., 2015) and navigation 
(Lemasson et al., 2014). Moreover, schooling behaviours can increase 
the time fish take to pass a barrier compared to solitary individuals 
(Lemasson et al., 2014) and alter entry behaviours e.g. encourage fish to 
enter fish ways (Farzadkhoo et al., 2022): thus, models or projections 
based on the behaviours of solitary individuals may be less accurate. 
Schooling behaviours have been modelled in marine systems (e.g. 
Hemelrijk and Kunz, 2005) with rules relating to distance between 
simulated individuals, size and also kinship. Goodwin et al. (2006) 
highlight that the sensory query distance in their IBM could be modified 
to account for schooling behaviours, showing a way in which it could be 
incorporated into existing IBMs presented in this paper. Interactions 
between simulated fish are additional elements that could influence fish 
behaviour during passage and for that goal IBMs are a suitable tool. 
However, knowledge on the mechanisms behind such interactions and 
their impact on movement is required which again may limit 
applications. 
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5.1.4. Towards future IBMs for fish passage: what could be included 
The selected IBMs in this review include several important mecha-

nisms to guide fish movement that link back to in vitro studies. By 
drawing comparison between the parameters of the selected IBMs and 
existing literature on fish passage and movement, we have highlighted 
several mechanisms and processes that we believe would benefit future 
IBMs for predicting fish passage. We summarise key attributes we think 
will be advantageous for future IBMs for predicting fish passage in Fig. 3. 

While more parameters could be included in IBMs for fish passage, it 
may not be feasible in all cases or with current technologies. Incorpo-
rating more variables into an IBM, such as biotic interactions, would 
increase model complexity and computational time introducing a trade- 
off. In addition, overall availability of parameters used in models is 
important: if data on a certain parameter is difficult to collect for cali-
brating IBMs, it can limit model application in other settings. Alterna-
tively, data may be lacking for species e.g. those of lower economic 
value, further limiting integration of processes into IBMs. Thus, while 
we have highlighted possible gaps in existing IBMs, such parameters 
may not always be needed to be included. Rather, we point them out as 
alternatives that could be considered depending on the goal of an IBM. 

5.2. Future directions 

IBMs are a common tool in freshwater fish research and are begin-
ning to emerge as a tool for fine-scale movement modelling for multiple 
reasons, primarily for their ability to model the underlying processes 
driving movement and their predictive capacity. For these reasons, IBMs 
are a promising tool for modelling and predicting fish passage. Several 
IBMs have already been applied to migrating fish in the context of fish 
passes as featured in this review. As the need to preserve migrating fish 
populations increases in light of widespread river fragmentation, the 
application of IBMs in the context of fine-scale fish movement past 
barriers may increase. For this, improved data collection is crucial, as 
well as better use of processes in the models and improved validation as 
a basis for better management. The following paragraphs further elab-
orate on this. 

5.2.1. Innovative monitoring: better data for better model performance 
Fine-scale IBMs such as the selected examples in section 4 require 

fine-scale biotic and abiotic data. For calibrating simulated tracks and 
understanding the behaviours involved, fine-scale tracks of real fish are 
needed. Advancements in data collection and analysis can provide more 

data at such scales and thus feed into further IBM development. 
Over the last few decades, movement ecology has experienced a 

rapid technological progression. For example, fine-scale tracking tech-
nologies generate a large volume of high-throughput movement data 
(Nathan et al., 2022), providing accurate location data at small spatio-
temporal scales, e.g. locations every few seconds, and ever-smaller tags 
enable tracking of more species. Moreover, tags with integrated sensors 
collecting environmental data are becoming more mainstream, enabling 
in situ collection of environmental data as the animal experiences it, e.g. 
temperature (McMahon et al., 2021) or pressure (Tuhtan et al., 2018), 
and provide further and complementary information to other methods. 
With regards to fish passage, “backpack” sensors worn by the fish that 
can detect pressure, acceleration and orientation are in development, 
leading to new insights into fish behaviour (Hoerner et al., 2022). Ad-
vancements have also occurred in other disciplines, such as ecohy-
draulics. Fish movement can be simulated in a dynamic space thanks to 
high resolution CFD models which can also provide fine-scale informa-
tion on the hydraulics of a study site, further linking fish to their envi-
ronment. Such technologies enable researchers to describe the fine-scale 
movement of real animals in their environment, leading to additional 
insights into fish behaviour around fish passes. For example, Piper et al. 
(2015) tracked downstream migrating European eels with fine-scale 
acoustic telemetry and showed behavioural switches in the eels under 
constricted flow, which, under high water velocity gradients, led to 
rapid upstream movement. Further advancements are in the field of 
robotics (Tuhtan et al., 2016). Probes with artificial lateral lines are 
being developed that can measure flow parameters as sensed by the fish, 
providing further insight into the conditions experienced by migrating 
fish near dams and other obstacles and further facilitating modelling 
(García-Vega et al., 2021; Tuhtan et al., 2016). Such technology in 
combination with further studies, both in field and in the lab, may lead 
to stronger understanding of the processes governing fish movement as 
they approach and pass a barrier. Current technological advancements 
will continue to provide the necessary data for fine-scale IBM develop-
ment and application in the context of fish passage. 

Data on other parameters are also needed for IBM development. Any 
models wishing to incorporate physiological components will require 
data on each component for each species of interest, e.g. from laboratory 
studies. Such information may be lacking for some species, particularly 
those of less commercial value. Where they do exist, the differences in 
measured vs modelled settings should be considered, e.g. temperature 
which can affect swimming speeds (Claireaux et al., 2006; 

Fig. 3. Combined processes and elements from the selected individual based models in this review as well as other elements that could be included, that together 
could provide a comprehensive simulation of fish movement as fish approach a barrier and fish pass. 
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Muhawenimana et al., 2021). For example, in Benson et al.’s (2021) 
model of juvenile eel migration, eel swimming speeds were derived from 
laboratory experiments conducted at similar temperatures of their study 
site (Benson et al., 2021). Similarly, environmental models such as hy-
draulic models must be on a similar scale to that of fish movement. 
Hydraulic models can provide hydraulic parameters at scales similar or 
finer than that of parameters derived from telemetry data, while other 
parameters (e.g. temperature) may be on coarser scales and thus cannot 
be linked to movement. Mismatches between abiotic and biotic data 
resolution can be problematic in model formation and should be 
considered before model development (Bruneel et al., 2018). Continuing 
advancements in the interdisciplinary field of ecohydraulics will also 
provide further insights in this area. 

Lastly, there is need to compile movement data and integrate 
collected data into IBM development. New advances in movement 
ecology, such as the development of step selection functions (Thurfjell 
et al., 2014) permit the parameterisation of movement attributes (e.g. 
step length and turning angles) for IBM development (Potts et al., 2022). 
Outputs from step selection functions may improve the accessibility of 
IBMs for simulating tracks. In addition, other approaches such hidden 
Markov models, which can parameterise animal movement behaviours 
(e.g. resting vs foraging), can provide further data for integration into 
IBMs (Zhang et al., 2017). Future work linking step selection functions 
and hidden Markov models to IBMs may have further benefits for 
simulating fish passage. 

5.2.2. Model validation and optimisation from an integrated and applied 
perspective 

Suitable data is important to validate IBMs. Data requirements ulti-
mately depend on model goals. Three general aspects can be considered 
for model validation: technical performance, expert-based evaluation 
and user-based assessment (Goethals and Forio, 2018). For robust 
models, validating data should be independent of data used to calibrate 
the model: otherwise, it is not possible to determine model accuracy. 
One method of validation is comparing simulated and real tracks 
external to the calibrating data, using fine-scale fish telemetry. The 
precise ways of validating any IBM with tracks differ. Some use 
goodness-of-fit approaches and statistical measures while others 
compare subjectively, determining whether the real tracks could plau-
sibly be produced by the model (Baetens et al., 2013). Indeed, it is 
important to recall that models will not be able to perfectly replicate 
individual movement paths: stochasticity and unaccounted variation 
will prevent that. Instead, validation of simulated tracks should strive to 
compare the wider patterns between simulated and real tracks. 

An alternative or additional avenue for IBM validation in the context 
of fish passage is looking at passage proportions itself, the population- 
level output desired by managers. Some of the selected IBMs in this 
review compared simulated passage efficiency to real data for model 
validation (Goodwin et al., 2014): for such an approach to work, in-
formation on passage efficiency is required at each study site, intro-
ducing a further data requirement. Known passage efficiencies can then 
be compared to simulated values. Given that passage efficiencies are the 
outcome sought by managers, using them as a model validation tool is 
valuable and lends support to the accuracy of model predictions. Thus, 
mark-recapture methods or other ways to count proportions of fish 
successfully finding, entering and/or passing a pass would be a useful 
asset in the further development of IBMs in this context. 

A final approach for validating models is pattern orientated model-
ling (POM). POM is a technique often used for model calibration but 
with applications for validating models as well (Wang et al., 2018). POM 
can assess model performance by their ability to simultaneously repro-
duce multiple observed patterns at different hierarchical levels e.g. in-
dividual, population etc. (Gallagher et al., 2021; Grimm et al., 2005; 
Kramer-Schadt et al., 2007). A model that can successfully capture 
multiple real patterns in the data is likely to have included the integral 
mechanisms behind the real system and is more likely to be structurally 

realistic (Gallagher et al., 2021; Grimm et al., 2005; Stillman et al., 
2015). Patterns that could be compared when validating IBMs for 
fine-scale fish passage could be individual movement paths and overall 
proportions of fish that pass. 

5.2.3. Other considerations 
While IBMs have many advantages, they may not always be appro-

priate (Table 2), due to the time and computational power necessary to 
develop them. In addition, IBM methodology is less established and 
results are harder to describe and analyse, although steps have been 
taken to standardise the approach (Grimm et al., 2006). IBMs are also 
considerably more complex to develop and require some degree of 
expert knowledge. By comparison, correlative and statistical approaches 
are more accessible and may suffice for some studies or contexts, such as 
habitat preference analysis or for predicting usage under similar con-
ditions (Aarts et al., 2008). While IBMs may certainly be a useful tool 
when researching fish movement near barriers, there are alternatives. 
Future work could move to improve the accessibility of IBMs to re-
searchers and bridge the gap between data analysis (e.g. habitat pref-
erences, behaviour) and simulating fish movement with the goal of 
improving fish passage. 

6. Conclusion 

Individual based modelling is a strong asset for mitigating the 
negative impacts of riverine barriers on freshwater fish migration. IBMs 
have already been applied several times in this context to a range of fish 
species and applications, though largely with a focus on salmonids. Fish 
movement in the selected IBMs in this review is largely determined by 
hydraulic parameters such as flow velocity and turbulence whilst 
swimming abilities and fatigue are incorporated into some examples. 
The ability of IBMs to simulate fish behaviour in a complex hydraulic 
environment is a major benefit to its application in this context. How-
ever, IBMs themselves are a complex and costly method and thus might 
not be appropriate for all questions. Nevertheless, potential trans-
ferability of an established IBM and continued progress in computa-
tional power and high-throughput data acquisition highlight IBMs as a 
valuable tool in the ongoing attempts to improve fish pass efficiency 
across freshwater systems. 
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Table 2 
A SWOT table for the application of IBMs to fine-scale fish movement past 
barriers.  
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• Describe fine-scale movement and in-
teractions of individuals  

• Transferability of model to other sites, 
situations  

• Able to simulate similar tracks, 
passage efficiencies etc. To real data  

• Spatially-explicit  

• Computationally expensive (Grimm 
and Railsback, 2005)  

• Requires large amounts of data to 
parameterise (Bauer and Klaassen, 
2013)  

• Long development time  
• Complex to analyse and describe 

(Bauer and Klaassen, 2013; Grimm 
et al., 2006) 

Opportunities Threats  

• Increasing availability of fine scale 
biological and environmental data 
based on current and future 
technological innovation  

• Increased computational power  
• Increasing awareness and interest in 

fish migration issues and restoration  
• Gain insights into fish behaviours  

• Difficult to describe compared to 
other approaches  

• Uncertainty concerning the belief of 
the added value of (complex) models  
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Signer, J., Toledo, S., Vilk, O., Westrelin, S., Whiteside, M.A., Jarić, I., 2022. Big-data 
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