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Abstract 

Hydropower provides a means to produce fossil-free electricity and offers 

flexibility to the electricity system. However, many species, such as Atlantic 

salmon, suffer from hydropower development and with the tightening na-

tional level and EU-wide legislation there is a growing need for tools and 

methods to assess and improve the ecological conditions of waterways that 

have deteriorated due to human activities. Ecological models, including indi-

vidual-based models, allow studying the relationship between target species 

and the surrounding physical environment and can be used, for instance, to 

compare the impacts of different flow regimes. 

 

Individual-based models follow the faith of individuals by simulating the key 

processes during their life stages. Thus, they can be rather complex, which 

increases the computational requirements and simulation runtimes. This the-

sis aims to accelerate the modelling performance of the individual-based 

model ‘inSALMO’ by improving the computational mesh strategies. The idea 

was to develop tools that allow decreasing the cell count without hampering 

the modelling results. To achieve this, two tools were developed and tested. 

These tools can be used to create the mesh from scratch and further dissolve 

it to decrease the cell count in areas with uniform channel parameters. The 

impact of the different meshes created with these tools was tested using a 

calibrated inSALMO. During the testing, it became clear that average cell size 

and local cell size have a big impact on the modelling results, for instance, 

increasing cell size tended to increase the average length of the fish. There-

fore, it is difficult to give universal guidelines for meshing. The thesis also 

provides new ideas and perspectives for inSALMO meshing strategies, such 

as removing cells that are not used during the inSALMO modelling to de-

crease the simulation runtime and visualise different results. 
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Tiivistelmä 

Vesivoimalla tuotetaan fossiilivapaata sähköä ja se tuo joustavuutta 

sähköjärjestelmään. Monet lajit, kuten lohi, kärsivät kuitenkin vesivoi-

man kehityksestä esimerkiksi jokien katkenneen yhteyden ja menete-

tyn elinympäristön vuoksi. Kansallisen tason ja EU-laajuisen lainsää-

dännön kiristyessä on yhä suurempi tarve kehittää työkaluja ja mene-

telmiä vesistöjen elinympäristöjen arvioimiseksi ja parantamiseksi, 

jotka ovat heikentyneet ihmisen toiminnan vuoksi. Ekologisten mal-

lien, mukaan lukien yksilöpohjaisten mallien, avulla voidaan tutkia 

kohdelajien ja ympäröivän ympäristön vuorovaikutuksia ja niitä voi-

daan käyttää esimerkiksi erilaisten virtausjärjestelmien vaikutusten 

vertailemiseen. 

 

Yksilöpohjaiset mallit seuraavat yksilöiden kohtaloa simuloimalla nii-

den keskeisiä prosesseja ja voivat olla sen takia monimutkaisia, mikä 

lisää mallien laskentavaatimuksia ja mallinnusaikoja. Tämä työ pyrkii 

nopeuttamaan yksilöpohjaisen inSALMO-mallin suorituskykyä paran-

tamalla mallin laskentaverkon muodostamista. Tämän saavutta-

miseksi kehitettiin ja testattiin kaksi uutta työkalua, joiden avulla las-

kentaverkko voidaan luoda tyhjästä sekä yhdistämään soluja solumää-

rän vähentämiseksi alueilla, joissa mallinnettavan virran parametrit 

ovat yhtenäisiä. Työkalujen avulla luotujen laskentaverkkojen vaiku-

tusta testattiin kalibroidulla inSALMO-mallilla. Testien tulokset osoit-

tivat, että keskimääräisellä ja paikallisella solukoolla on suuri vaikutus 

mallinnustuloksiin. Esimerkiksi, solukoon suurentaminen yleisesti pi-

densi keskimääräisiä kalan pituuksia mallinnuksissa. Tulosten perus-

teella on vaikea antaa yleispäteviä ohjeita laskentaverkon luomiseen. 

Lisäksi työ tarjoaa katsauksen yksilöpohjaisilla malleilla tehdyistä tut-

kimuksista jokikalojen osalta sekä tarjoaa uusia näkökulmia inSALMO 

laskentaverkkojen luomiseen, esimerkkinä niiden laskentasolujen 

poistaminen joita ei käytetä mallinnuksen aikana, ja ideoita tulosten vi-

sualisointiin. 

 

Avainsanat Yksilöpohjainen mallintaminen, lohi, inSALMO, laskentaverkko 
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1 Introduction 
 

Hydropower is an integral part of the electricity system in Europe and will 

most likely remain a key part of the energy system as Europe aims for a fossil-

free future (Wagner et al., 2019).  In 2021, the total energy generation from 

hydropower, including pumped hydropower storage (PHS) schemes, in the 

EU was 366 TWh/year corresponding to around 12.9 % of the EU’s total net 

electricity production and one-third of the EU’s annual renewable energy 

production (Joint Research Centre, 2023). Hydropower, on the one hand, of-

fers the possibility to generate fossil-free baseload power and on the other 

hand, serves as balancing power to counterbalance sudden changes in elec-

tricity demand and the more volatile electricity production of weather-de-

pendent energy sources like wind and solar power (Xylia et al., 2023). As for 

now, hydropower reservoirs and PHS are the only widely established tech-

nologies for long-term energy storage, spanning days to weeks (Joint 

Research Centre, 2023). Hydropower reservoirs provide a theoretical storage 

capacity of 45 TWh in the EU and 220 TWh in the whole of Europe with Nor-

way having the largest capacity of 85 TWh (Joint Research Centre, 2023).  

 

The  environmental impacts of hydropower, however, are undeniable as hy-

droelectric power plants (HPP) change the river’s flow and sediment 

transport, and delay or prevent fish migration (Reid et al., 2019). These en-

vironmental impacts have been long overlooked and neglected as most hy-

dropower permits in Europe have been obtained before these impacts were 

considered in the countries’ legislation (Puharinen et al., 2024).  

 

The European Commission introduced the Water Framework Directive 

(WFD) in October 2000 and has since been the main law for water protection 

in Europe (European Commission, 2000). Member countries are to protect 

and, if needed, restore water bodies to reach good ecological and chemical 

status, meaning that the quality of the water body should only slightly deviate 

from the original, undisturbed conditions. Member countries are also to pre-

vent deterioration of the status of the water bodies which is described by the 

abundance and composition of fish fauna, river flow and river continuity of a 

water body (European Commission, 2000). As reaching good ecological sta-

tus in rivers with hydropower production may not always be possible, water 

bodies can be declared as heavily modified. This exception, however, should 

only apply if achieving good ecological status would have significant adverse 

effects on energy production and therefore pose a risk to energy security. 

Nevertheless, member countries should, at least, aim for a good ecological 

potential in heavily modified water bodies, meaning that the highest ecolog-

ical status possible should be achieved without significant losses of the ben-

efits provided by the water.  
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The WFD does not impose prescriptive regulations itself but rather defines 

common objectives, such as achieving a good ecological status in water bod-

ies, and provides a procedural framework for forming river basin manage-

ment plans (Pihalehto & Puharinen, 2023; Puharinen, 2022). The river basin 

management plans are defined in the WFD and mainly include the reporting 

on the status and pressures associated with the water bodies, and measures 

taken and planned to meet the objectives within each river basin (European 

Commission, 2000). This provides flexibility for the member countries on 

how to implement and integrate the WFD into their national legislation and 

enables member countries to choose the most effective policy instruments 

depending on the causes of specific problems (Van Rijswick & Backes, 2015). 

Flexibility has also been identified as one of the root causes of inadequate 

implementation of the WFD on a national level (Puharinen, 2022). However, 

the nature of the WFD changed towards more binding and stricter interpre-

tations with the Court of Justice of the European Union (CJEU) ruling in the 

case C-461/13 Weser. In the ‘Weser’ case, CJEU ruled that, WFD’s objectives 

are binding in the implementation of the directive and that the directive ap-

plies to permitting individual projects (Puharinen, 2022). Moreover, the 

WFD’s objectives should be interpreted as binding requirements for permit 

reviews too (Puharinen et al., 2024). After the Weser ruling the European 

Commission has increasingly pushed member countries to implement hydro-

power permit reviews under the WFD. For example, The European Commis-

sion started an infringement case against Sweden due to insufficient imple-

mentation of the WFD (Puharinen et al., 2024). 

 

The approaches to implementing the hydropower permit reviews as part of 

the WFD can differ substantially across the EU. In Sweden, for example, the 

WFD was translated into environmental law which was approved in January 

2019 (Swedish Agency Marine and Water Management, 2019). The amended 

environmental legislation states that all water activities related to hydro-

power should comply with WFD and the opportunities to classify water bod-

ies as heavily modified for less stringent requirements should be fully utilized 

to minimize the impact on energy production. The reviewing process is im-

plemented through the National Plan for Modern Environmental Conditions 

for Hydropower (NAP) and is expected to last at least 20 years (Havs och 

Vatten myndigheten, 2019).  

 

The possible conflicting interest between Sweden’s ambitious plan for reach-

ing 100% renewable energy production by 2040 and the implementation of 

WFD is recognized in NAP (Havs och Vatten myndigheten, 2019). This is 

considered in the plan by agreeing on a maximum loss of hydropower pro-

duction of 1.5 TWh (about 2.3 % of the total hydropower production in 2014) 

nationwide. 1.5 TWh is distributed between main drainage catchments and 

the catchment-specific values should be used as a guideline when water 



11 

 

authorities decide on reasonable environmental measures.  For individual 

hydropower operators, NAP does not define the required measures to im-

prove water bodies' ecological status and to comply with the relicensing pro-

cess. Instead, operators submit applications with the planned measures and 

then environmental courts decide on the binding actions based on the quality 

standards set by water authorities. 

 

To support the hydropower relicensing process there is a growing need for 

scientific knowledge and scientifically developed tools, which can be used to 

describe the current states of water bodies and to evaluate the effectiveness 

of the different measures, such as increasing environmental flows, building 

fish passages and restoration of habitat. Site-specific information and tools 

are needed by both, hydropower operators and water authorities to maximize 

the positive ecological impact of measures applied and to provide a solid fac-

tual foundations for the measures (Naturvårdsverket, 2022). There is not 

only a need for holistic ecosystem-wide tools but also for tools to assess indi-

vidual target species such as salmon, trout, eel and crayfish (Naturvårdsver-

ket, 2022). Ecological models, such as individual-based models, provide 

means to study the impacts and the reference conditions in aquatic ecosys-

tems. 

 

Individual-based models (IBMs) follow the faith of individuals, with the pop-

ulation-level dynamics emerging from the interactions of the individuals 

with the surrounding habitat (Grimm & Railsback, 2005). They can be used 

to study, for instance, how hydropower operation, habitat restoration and 

climate changes impact fish populations (Bjørnås et al., 2021; Railsback et 

al., 2013; Watz et al., 2023). IBMs, therefore, may present a valuable tool for 

the relicensing process (Hajiesmaeili et al., 2024). However, they are typi-

cally more complex than traditional ecologic models due to modelling each 

individual as a discrete object and being more mechanistic. This, in turn, in-

creases the computational requirements and can significantly increase the 

simulation runtimes. 

 

Thus, it is aimed on accelerating the modelling process of the individual-

based model. InSALMO is used to model the freshwater stages of salmonids, 

such as Atlantic salmon due to their high economic and conservation value 

(Watz et al., 2022). InSALMO is based on a more general instream trout IBM 

called inSTREAM, which has been developed for over 20 years (Railsback et 

al., 2023). InSALMO and inSTREAM provide a comprehensive and science-

based modelling approach, which has already been applied in multiple stud-

ies in Sweden (Bjørnås et al., 2023; Hajiesmaeili et al., 2023; Watz et al., 

2022). Still, long runtimes are also a prominent limitation in inSALMO. The 

runtime of inSALMO is dependent on various things, including the number 

of cells in the computational mesh used to represent the modelled river 
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section. This thesis has three detailed sub-aims: 1) It is aimed to enhance 

the IBM approach by improving the hydraulic accuracy of the computational 

meshing methods. In this case, the focus is on the computational mesh of in-

SALMO, and on creating separate automated meshing tools to optimize the 

number of cells in the mesh depending on channel hydraulics, allowing larger 

cells in regions with relatively uniform flow conditions (e.g., pools) while cre-

ating smaller cells in regions of large hydraulic gradients (e.g., rapids, shore-

lines). 2) The information gained from the inSALMO simulations is used 

to evaluate different meshing strategies, increase the knowledge of how 

changing the average and local cell size impact the modelling results and pro-

vide new ideas for individual-based modelling. The performance of the new 

meshing tools and strategies is evaluated by analysing their impact on hy-

draulic accuracy, inSALMO simulation runtime and average juvenile salmon 

lengths and outmigration rates produced by the inSALMO model. The results 

are also compared to the existing meshing strategy containing uniform cells. 

3) In addition, this thesis aims to build a better understanding of the in-

SALMO modelling process and how different meshing strategies impact it by 

analysing fish occurrence, food availability and growth rates during the sim-

ulation process. This information is used to explain the inSALMO outputs 

such as the average length. The information about the fish occurrence is also 

used to test an additional method, in which some of the cells not used during 

the simulation are removed.  

 

The remainder of this thesis is organized as follows: Chapter 2 provides the 

theoretical background of the ecology of Atlantic salmon, ecological model-

ling and individual-based modelling. Chapter 3 presents the inSALMO model 

used during the thesis, introduces the case study and explains the developed 

meshing tools. In Chapter 4, the results from the case study with different 

meshes are presented while Chapter 5 discusses these findings. Finally, 

Chapter 6 concludes the thesis with a summary of the main findings, an ex-

ploration of the study's limitations, and suggestions for future developments. 
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2 Background 
 

2.1 Atlantic salmon ecology 
 

2.1.1 Distribution 

 

Anadromous, Atlantic salmon (Salmo Salar, Linnaeus, 1758) can be found 

in the North Atlantic Ocean and Baltic Sea, and many rivers in Northern 

America and Europe as depicted in Figure 1 (Aas et al., 2010; Webb et al., 

2007). In Northern America, wild Atlantic salmon populations occur in rivers 

on the North East coast of the USA, Canada and Greenland. In Europe, wild 

populations are still found in Denmark, England, Wales, Faroes, Finland, 

France, Iceland, Ireland, Norway, Poland, Portugal, Russia, Scotland, Spain 

and Sweden (Webb et al., 2007). Some of the salmon populations spent their 

entire life in freshwater (Aas et al., 2010). These landlocked populations, also 

called ‘freshwater residents’ can be found in many lakes in North America 

and some lakes in Europe, for example, Lake Saimaa in Finland and Lake 

Vänern in Sweden. 

 

 
Figure 1. Approximate distribution of extinct (shaded red) and existing (red) 

anadromous, wild Atlantic Salmon populations (Webb et al., 2007) 

 

Wild Atlantic salmon populations have become extinct in many rivers in both 

North America and Europe (Figure 1; Webb et al., 2007) due to a wide range 

of reasons, including, for example, man-made barriers, overfishing, climate 

change and the spread of invasive species, and deteriorated water quality and 

habitat caused by intensive farming practises and urban expansions (Hendry 

& Cragg-Hine, 2003; Lund Bjørnås, 2020). To date, one-third of the wild 
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Atlantic salmon populations in the rivers of North America and Europe are 

endangered and have gone extinct in Germany, Switzerland, the Nether-

lands, the Czech Republic and Slovakia (WWF, 2001). 90 % of the known 

healthy populations are located in Norway, Iceland, Scotland and Ireland 

(WWF, 2001).  

 

Salmon stocking has been a long and widely used strategy to mitigate or com-

pensate, for example, adverse hydropower impacts on recruitment (Johnsen 

et al., 2010), and refers to planting eggs in rivers or releasing salmon of dif-

ferent life stages (Jonsson & Jonsson, 2011b). This strategy on the one hand 

is used to support the remaining populations (Gross et al., 2007) and the re-

introduction of salmon populations into rivers where salmon have become 

extinct.  On the other hand, stocking might be used to increase productivity 

beyond the natural constraints in the case of commercial and sport fishing 

(Gross et al., 2007). 

 

2.1.2 Life cycle of Atlantic salmon 

 

Atlantic salmon, hereafter also referred to as ‘salmon’, is an anadromous spe-

cies, meaning that they use rivers for reproduction and the juvenile growth 

phase, and the sea for adult development (Hendry & Cragg-Hine, 2003). In 

contrast, landlocked populations use large lakes instead of the sea. IBMs such 

as inSALMO are used to simulate the freshwater part of their life cycle and 

are based on key processes, such as feeding, spawning and survival. There-

fore, it is important to be familiar with the different life stages and related 

terminology. The life cycle of the anadromous Atlantic salmon is presented 

in Figure 2. 
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Figure 2. Life-cycle illustration of different life stages of Atlantic salmon 

(Mobley et al., 2021). 

Adult Atlantic salmon start their migration back to the home river where they 

hatched after spending around 1-4 years at sea and becoming sexually mature 

(Jonsson & Jonsson, 2011a). At this point, they typically weigh between 1 to 

25 kg and have a total length of 45-135 cm (Thorstad et al., 2010). After the 

migration, Atlantic salmon start a distinct ‘search phase’, during which they 

select suitable spawning areas and locate potential mates (Thorstad et al., 

2010). 

 

Usually, spawning occurs from September to February, with northern popu-

lations tending to spawn earlier due to the colder climate causing longer egg 

development time (Fleming & Einum, 2010). Reproduction is an energy-de-

pleting process, with both females and males using around 50-70 % of their 

energy reserves during spawning (Jonsson & Jonsson, 2011a). Females use 

most of their energy for egg production and males for behavioural activities 

such as aggressive competition including combat, display, and creation of hi-

erarchies among the males. A female typically constructs around 4 to 9 nests 

distributed to one or more distinct areas termed ‘redds’ (Jonsson & Jonsson, 

2011a).  The number of nests and the breeding success increases with female 

size, which is an important factor influencing breeding success (Fleming & 

Einum, 2010). Some of the males might mature already in fresh water and 

participate in spawning as ‘mature parr’ with a much smaller body size (Jons-

son & Jonsson, 2011a). 

 

Some Atlantic salmon die after spawning due to large energy depletion 

and/or severe spawning injuries, but surviving spawning is common (Jons-

son & Jonsson, 2011a). Survived fish, termed ‘kelts’, migrate back to sea dur-

ing the following spring or summer.  Kelts can start a new spawning cycle and 

return to their home river after remaining in the sea for a period varying from 

several months to years (Bordeleau et al., 2020; Webb et al., 2007). In a study 

of 179 rivers, it was found that the proportion of repeat spawners was 3.8 % 

on average (Persson et al., 2022). 

 

Eggs laid within the nests/redds develop during the late fall and winter 

months when the water temperature is typically low, leading to slow devel-

opment of the eggs. The incubation period, an important factor in modelling, 

is directly dependent on water temperature and can be expressed as a prod-

uct of daily temperature and number of days, termed ‘degree days’ (Aas et al., 

2010). A typical incubation period for Atlantic salmon is approximately 440 

degree days, which corresponds to an approximate incubation period of 145 

days at an average temperature of 3 °C (Hendry & Cragg-Hine, 2003). 

Around 74-91 % of the eggs survive until the hatching, which starts during 

the following spring (Gibson, 1993). At this time, the 15 to 20 mm long 
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‘alevins’ remain inside the gravel still for 3 to 8 weeks feeding from their yolk 

sac attached to them. The mortality of yolk-sac-feeding alevins can be around 

10 % (Jonsson & Jonsson, 2011c).  After the alevin phase, ‘fry’, the first and 

highly vulnerable free-living state of Atlantic salmon emerges from the gravel 

and starts to feed mostly on small invertebrates. This is a crucial life stage as 

a lack of suitable food for the fry causes starvation (Aas et al., 2010). 

 

Juvenile salmon remain as ‘parr’ in fresh water for 1 to 8 years, after which 

they undergo physical and morphological changes, called ‘smoltification’ 

(Aas et al., 2010). Approximately 1 to 12 % of the emerged fry survive the 

transition to ‘smolts’ (Bley & Moring, 1988). After smoltification salmon 

termed smolts migrate to the sea weighing from 10 to 80 g and typically hav-

ing a body length of around 10-20 cm. Outmigration typically occurs during 

spring (Birnie-Gauvin et al., 2019) but may also happen during autumn (e.g. 

River Frome, UK; Pinder et al., 2007).  

 

2.1.3 Feeding strategies 

 

Feeding is an essential individual behaviour simulated in IBMs; thus, it is 

necessary to understand the different feeding strategies and factors influenc-

ing this behaviour. While Atlantic salmon adults have been assumed not to 

feed during their migration journey through the river (Johansen et al., 2010), 

Atlantic salmon juveniles are known to be drift-feeders (Watz et al., 2014). 

‘Drift feeding’ describes a feeding strategy during which juvenile salmon ori-

ent themselves facing against the current to detect and capture prey trans-

ported by the current. (Piccolo et., 2014). As a visual drift feeder salmon use 

their eyesight to detect the prey and therefore drift feeding success depends 

on factors such as water velocity, light intensity, turbidity, and prey size 

(Railsback et al., 2023). Drift-feeding prey consists of, for example, benthic 

organisms, aquatic insects, and terrestrial invertebrates that have uninten-

tionally ended up in the river (Johansen et al., 2010).  

 

Besides drift feeding, juveniles are also known to ‘search-feed’ where they 

actively search for food (e.g. benthic invertebrates) along the riverbed, sub-

strate, and vegetation surfaces (Johansen et al., 2010; Railsback et al., 2021). 

Benthic feeding is more common during the night, if drift feeding availability 

is low and after emergence as fry, due to lower ability to withstand drift. 

 

Juveniles try to optimize their net rate of energy intake (NREI) by choosing 

the feeding mode that offers the highest return meaning that juveniles may 

choose a drifting location that offers high energy intake (drift density and 

capture success rate) and low energy expenditure (energy used in swim-

ming), which strongly depend on the water velocity (Johansen et al., 2010). 

While higher flow velocities offer higher drift rates as more drift food is 
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transported with the current, the capture success rate tends to decrease due 

to, for example, a shorter time to react. Energy consumption also increases 

at higher velocities as more energy is needed to maintain the drift position 

(Jonsson & Jonsson, 2011a).  

 

2.1.4 Habitat requirements 

 

Atlantic salmon use a versatile range of habitats during the different life 

stages and activities such as feeding and spawning. Habitats can differ, for 

example, by velocity, depth and substrate. Habitat selection is a key driver in 

many individual-based fish models. 

 

During spawning, identifying a suitable location is crucial for egg survival 

(Armstrong et al., 2003; Gibson, 1993) to provide sufficient shelter from pre-

dation, physical disruption (e.g., deposition, siltation and superimposition), 

and extreme temperature impacts. Eggs can survive in temperatures ranging 

from 0 to 16 °C, while the egg mortality increases when temperature rises 

above 12 °C (Solomon & Lightfoot, 2008). Spawning habitat suitability 

strongly depends on flow velocity, flow depth, as well as gravel size, extent, 

and distribution. Gravel, for instance, should have sufficient porosity to pro-

vide oxygenation to eggs, and prevent emerging fry from being buried (Gib-

son, 1993). Mean gravel size may vary substantially between spawning loca-

tions and has been found to vary between 20 to 100 mm (Armstrong et al., 

2003), with larger gravel size increasing the survival rate of the eggs (Gibson, 

1993). For spawning habitat mean water column depth tends to vary between 

0.25 to 0.50 m while flow velocity varies between 0.40 to 0.53 m s-1 (Arm-

strong et al., 2003). 

 

During the juvenile life stage, salmon typically hold a position where they can 

maximize the net energy gained from feeding. The preferred flow velocities 

tend to increase with the juvenile size, most likely, due to increasing swim-

ming ability in higher velocities (Finstad et al., 2010). During their first sum-

mer, juvenile salmon have been observed to use depth-average flow velocities 

ranging between 0.10 m s-1 and 0.4 m s-1 (Armstrong et al., 2003). Larger 

Atlantic salmon parr generally seek flows ranging between 0.10 m s-1 and 0.6 

m s-1 but may withstand velocities up to 1.2 m s-1. Typically, the depth of the 

water column that the juvenile occupies also increases with fish length. Dur-

ing the first summer, parr occur more often near the river banks at around 

water column depths of down to 1 m but larger parr might also swim in 

deeper regions further away from the banks (Jonsson & Jonsson, 2011a).  

 

To maximize the net energy gain during drift feeding, juvenile salmon may 

utilize ‘velocity shelters’ to retain their position while catching prey from a 

higher velocity zone with more food (Armstrong et al., 2003). Velocity 
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shelters are low-velocity zones created in the wake of instream structures, 

such as boulders, instream wood and concrete structures (Bjørnås et al., 

2023). The velocity difference between the velocity shelter (low-velocity 

zone) and adjacent high velocity influences the net rate of energy intake of 

drift-feeding salmon and therefore can be an important factor in determining 

micro-habitat quality (Armstrong et al., 2003).  

 

Besides velocity shelter, ‘hiding cover’ is an essential habitat feature for juve-

niles, providing refuge against both terrestrial predations by mammals and 

birds and predation by other fish, also, including salmon showing cannibal-

istic behaviour (Armstrong et al., 2003; Falkegård et al., 2023). Hiding cover 

may be a suitable layer of cobbles, dead wood, overhanging (canopy) vegeta-

tion or an undercut bank that offers concealment of at least the size of the 

fish (Jonsson & Jonsson, 2011a; Railsback et al., 2023). Adequate water 

depth, turbidity and lack of light can also provide cover from predation (Fin-

stad et al., 2010). Juveniles use hiding cover as predation protection in two 

different ways (Allouche, 2002). On the one hand, juveniles use hiding cover 

when escaping predation. On the other hand, hiding cover allows juveniles to 

hide in substratum for longer periods while waiting for more optimal feeding 

opportunities.  

 

During the juvenile stages, the optimal water temperature for growth is 15.9 

°C and temperatures rising over 22 °C have been shown to cause thermal 

stress (Armstrong et al., 2003). The lethal upper level is between 25 and 28 

°C and the lethal lower level is below 0 °C. 

 

2.2 Environmental impacts of hydropower 
 

Hydropower plants impact the riverine environment and its organisms, such 

as salmon, in various ways including, for instance, the alteration of flow (e.g., 

hydropeaking) and sediment regimes and the disruption of longitudinal, lat-

eral and vertical connectivity (Juracek, 2015). Impacts on fish in specific lo-

cations can be studied, for example, using IBMs. The environmental impacts 

depend on the type of scheme, size, and management practices of the hydro-

power plant (Juracek, 2015; Watz et al., 2022). Generally, hydropower plants 

can be classified either by their type, i.e., to Run-of-river hydropower ‘ROR’, 

storage hydropower, and pumped storage hydropower, or by their capacity 

to micro (1 kW to 100 kW), mini (100 kW to 1 MW), small (1 MW to 10-30 

MW) and large (above 10-30 MW) (Breeze, 2018).  

 

Run-of-river hydropower schemes have no storage capacity but typically re-

quire at least a small weir for the diversion of water (Anderson et al., 2015). 

Weir can be also used to increase the head and to control the flow of water to 

the turbines. Additionally, hydrokinetic ROR schemes exist that work 
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without barriers or flow diversions. ROR schemes are generally viewed as less 

environmentally damaging than storage schemes, even though the support-

ing evidence is limited (Anderson et al., 2015). ROR schemes typically impair 

the longitudinal connectivity of the river and cause a reduction of the main 

river flow when constructed as diversion flow HPP. These may, for instance, 

decrease the availability of suitable habitats for salmon. In rivers with several 

installed ROR schemes the cumulative adverse effects might be significant 

even though the individual effects could be modest (Anderson et al., 2015). 

 

Longitudinal connectivity describes the upstream and downstream connec-

tivity and pathways that allow water, sediments, living organisms, and energy 

to pass along the river (Grill et al., 2019). Hydropower plants are a major 

cause of disrupting the longitudinal connectivity by blocking the movement 

of fish, trapping sediments and causing the fragmentation of habitat (Gracey 

& Verones, 2016). This, in turn, limits the availability of suitable habitats for 

feeding, rearing, and spawning. Atlantic salmon is a prime example of an 

anadromous fish species that has been severely impacted by hydropower in 

Europe and North America (Watz et al., 2022). For example, in Finland, only 

two of the 34 rivers flowing into the Baltic Sea, retained their native salmon 

populations after the expansion of hydropower at the start of this millennium  

(Makkonen et al., 2000). 

 

The natural flow regime is important in providing diverse habitat conditions 

but is typically altered significantly downstream of the hydropower plant (Ju-

racek, 2015). The upstream flow regime may also be altered due to reduced 

flow velocities. Usually, hydropower systems with large storage capacity de-

crease the magnitude of peak flows and reduce the occurrence of downstream 

flooding and therefore access to floodplains (lateral and temporal connectiv-

ity), which some fish species depend on for spawning, feeding, or shelter. De-

creased frequency and magnitude of peak flows or ‘flushing flows’ might also 

decrease the substrate permeability (vertical connectivity) by leading to the 

clogging of gravel interstitials with fine sediments (Calles et al., 2007). This 

in turn might lead to a disrupted and blocked oxygen supply during the egg 

and alevin life stages of salmon (Kemp et al., 2011). Hydropower systems 

with large reservoirs may have a significant influence on the stream water 

temperatures (Heggenes et al., 2021). Typically reaches downstream from 

the reservoir become colder in the summer and warmer in winter due to the 

stratification in the reservoir. Water temperature is a key factor influencing 

the life cycle, growth, and diversity of aquatic species in stream environ-

ments, and thus shifts from natural thermal regimes could have important 

implications, for example, on the salmon spawning timing and mortality 

(Heggenes et al., 2021). 
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Storage hydropower plants are often used to balance the daily changes in en-

ergy demand by operating them with sub-daily changes in flow (Hajiesmaeili 

et al., 2023). This operating practice with high fluctuations in the release of 

turbined water is called ‘hydropeaking’ and is typical for hydropower plants 

in river systems with high slopes (Greimel et al., 2018).  Hydropeaking can 

negatively affect downstream fish populations, especially by dewatering or 

scouring spawning areas (Hajiesmaeili et al., 2023; Malcolm et al., 2012). 

Moreover, hydropeaking can also decrease the temporal availability of suita-

ble habitats. Young juvenile fish may be especially vulnerable as they often 

prefer shallow areas with low velocities, which are prone to rapid changes in 

water level and flow velocity, erosion and loss of vegetation, and habitat 

(Greimel et al., 2018). Hydropeaking may also lead to fish deaths by strand-

ing, where fish are trapped in shallow areas (Choi et al., 2017). The impacts 

of hydropeaking depend on the timing, frequency, and intensity of the hy-

dropeaking event (Greimel et al., 2018).  

 

Hydropower dams are effective in reducing the amount of sediment trans-

ported downstream. Sediment trapping upstream of the dam is a major chal-

lenge of hydropower from the economic point of view, as it decreases the 

storage capacity, but also causes ecological problems downstream of the 

dams (Hauer et al., 2018). As the sediment concentration of the stream de-

creases the kinetic energy of the water increases, causing the river bed and 

bank to increase erosion (Clarke et al., 2008). This changes the physical 

structure of the river and can decrease the availability of cover for fish. Sedi-

ment trapping can also degrade the quality of spawning habitat for salmonids 

and other fishes by decreasing the availability of suitable substrate (Clarke et 

al., 2008).  

 

2.3 Ecological modelling 
 

Ecological modelling can be used to represent and study key mechanisms and 

factors influencing the behaviour of ecological systems in a simplified form 

(Pittroff & Pedersen, 2005; Schmolke et al., 2010). Ecological system refers 

to a complex formed by living organisms and the physical environment a par-

ticular unit of space, such as a river or a limited section of river.  

 

Ecological models have been used in the area of river management and con-

servation, for instance, assessing environmental flows and salmonid habitat 

(Dunbar et al., 2012; Gore & Nestler, 1988; Tharme, 2003) as these models 

can provide a common framework to define the modelling structure and lim-

itations (Dunbar et al., 2012). This could ease the comparison between dif-

ferent studies and increase the legitimacy of the studies. Furthermore, eco-

logical models bring different stakeholders, such as water authorities, re-

searchers and hydropower operators, together by visualizing different 



21 

 

management scenarios. In addition, these models allow estimating outcomes 

between known data points and predicting beyond measurements. All this 

can be valuable when addressing different river management alternatives. 

 

A wide range of different modelling approaches for river management has 

been developed in varying complexity, foundation and scope (Figure 3). 

While, for example, physical habitat models are based on statistics derived 

from observations, individual-based models (IBMs) and drift-foraging mod-

els consider underlying processes of individual fish such as feeding (Conallin 

et al., 2010). 

 
Figure 3. Characteristics of different ecological modelling approaches for riv-

erine fish. 

 

2.3.1 Physical Habitat Suitability Models 

  

Physical habitat suitability models are the most widely applied models for 

modelling the relationship between flow (e.g. velocity and depth), physical 

habitat availability and its properties (e.g., substrate size, cover) and likely 

occurrence of target species (Conallin et al., 2010; Dunbar et al., 2012). These 

models are often represented by ‘Habitat Suitability Curves’ (HSCs), which 

are derived from field and laboratory observations (e.g., bank-side observa-

tions, snorkelling, electric fishing, and applying radiotelemetry and passive 

inductive transponder (Dunbar et al., 2012). A habitat with higher occur-

rences of individuals, for example, indicates a high habitat suitability 

(Schmutz & Sendzimir, 2018). The most commonly used habitat suitability 

model is the Physical Habitat Simulation System (PHABSIM) which is often 

used as a component of a more comprehensive approach called ‘instream 

flow incremental methodology (IFIM) (Conallin et al., 2010). IFIM combines 

physical stream descriptions, hydraulic simulation models, and stream hy-

drology to generate hydraulic simulation time series (Stalnaker et al., 2017). 

Furthermore, there have been some approaches combining habitat time se-

ries with population, production and carrying capacity modelling (Ayllón et 

al., 2012; Stalnaker et al., 2017). 
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The hydraulic component comprises water depth and velocity for a given dis-

charge and can be determined directly from measurements, hydraulic mod-

els, or hydraulic rating methods (Schmutz & Sendzimir, 2018). Hydraulic 

models like HEC-RAS, have become widely used to predict flow characteris-

tics by solving the governing equations of conservation of mass, momentum 

and energy. The habitat component can be constructed by mapping the phys-

ical properties of the river from field explorations or aerial images. Once the 

hydraulic and habitat components are ready and the species-habitat relation-

ships are available, they can be combined into a hydraulic habitat suitability 

model.  

 

Despite their wide adoption, habitat suitability models have been criticised 

for lacking ecological predictive capability and having poor transferability be-

tween different locations (Conallin et al., 2010). Furthermore, the accuracy 

of habitat suitability curves in representing habitat quality has been criti-

cized, as those curves are seldom assessed concerning the actual fitness out-

comes (i.e., growth and survival) associated with using different habitats 

(Rosenfeld, 2003). Another debated point has been whether habitat suitabil-

ity models are accurate in describing the habitat quality for aggressive and 

territorial species such as salmonids (Armstrong & Nislow, 2012). Lastly, 

habitat suitability models have been criticized for overlooking the relation-

ship between food availability and habitat (Hayes et al., 2016).  

 

2.3.2 Drift-foraging models 

 

Besides traditional habitat suitability models that mainly rely on empirical 

observations, more mechanistic approaches for drift-foraging species have 

been developed (Jowett et al., 2021; Naman et al., 2020). Drift-foraging mod-

els assume that fish aim to maximize their fitness (growth, reproduction) by 

choosing a microhabitat that maximizes their ‘net energy intake’ (NREI). 

NREI is defined as the difference between the total energy a fish acquires 

from feeding (i.e., ‘gross rate of energy intake’ (GREI), minus the ‘energetic 

costs’ (EC) that occur from swimming and depend on the velocity (Naman et 

al., 2020): 

 

NREI = GREI – EC 

 

The GREI is determined by the fish’s reaction time, the concentration of prey, 

the volume of water passing by, and the success function that defines the 

probability that a given prey item will be caught (Naman et al., 2020). EC, 

resulting from swimming and catching the prey, are calculated based on 

physiological studies and are functions of flow velocity, fish size and temper-

ature. EC from digestive metabolism is included in the models either as 
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constant or as temperature and size-dependent functions. Drift-foraging 

models can be used to produce HSCs that rely more on biological processes 

and habitat-food relationships, compared to traditional physical habitat 

models (Naman et al., 2020). 

 

Despite the theoretical and mechanical advantages, there are still deficiencies 

in the drift-foraging models (Railsback, 2016). For instance, most of those 

models do not consider biotic factors such as predation risk and competition, 

which may significantly impact the fitness a specific habitat provides for fish 

(Naman et al., 2020; Railsback, 2016). To overcome these limitations, there 

have been approaches to develop even more ecological models that use drift-

foraging models as a sub-model of a more holistic model, including, individ-

ual-based models (Railsback, 2021). 

 

2.4 Individual-based models 
 

‘Individual-based models’ (IBMs) are “models that simulate populations and 

communities by following individuals and their properties” (DeAngelis & 

Grimm, 2014). Each discrete individual organism has a set of state variables 

that can include, for example, spatial location and physical traits (e.g., sex, 

length), with the population-level dynamics emerging from interactions be-

tween the individuals and their biotic environment.  

 

IBMs can be characterised and distinguished from the traditional ecological 

model through the following four criteria (Grimm & Railsback, 2005): First, 

to capture the essential aspects of individuals, IBMs have to consider the in-

dividual’s life cycle in greater complexity as needs for resources and interac-

tion with the surrounding biotic and abiotic elements of their environment is 

life-stage dependent. Second, resources, such as the availability of food,  

should not be assumed as constant population-level carrying capacity. In-

stead, the local feedback between individuals and resources should be repre-

sented in the model. Third, population size is represented as integers as the 

individuals are discrete in IBMs. If the model is truly individual-based the 

model is based on discrete events not rates. Finally, IBMs should consider 

the potential differences in behaviour and habitat preference for individuals 

belonging to the same age or size class as those differences can be a mecha-

nism for important population dynamics. 

 

Riverine IBMs, for assessing relationships between habitat and fish popula-

tions have been designed to address the limitations of the traditional physical 

habitat suitability models. A typical framework for river IBM is illustrated in 

Figure 4. The environmental drivers (e.g., flow and temperature) and stream 

habitat parameters (e.g., velocity and depth) can be presented similarly to 

physical habitat suitability models but are often presented in higher spatial 
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and temporal resolution in IBMs. IBMs have typically daily or sub-daily time 

steps (Railsback et al., 2021; Tyler & Rutherford, 2007).  Individual pro-

cesses, such as foraging and movement, are simulated for each individual and 

for each time step using functions dependent, for example, on the current life 

stage of the fish. Similarly to drift-foraging models, IBMs are often based on 

the assumption that the fish maximizes their fitness by choosing the most 

beneficial location for their current life stage. Finally, the population-level 

responses emerge from the dynamics between the individuals and the sur-

rounding environment.   

 

 
Figure 4. Typical framework for river IBM (Jager & DeAngelis, 2018). 

 

Another individual-based modelling approach comprises the use of high-res-

olution computational fluid dynamics to study the movement of fish (Jager 

& DeAngelis, 2018). Goodwin et al. (2023), for example, used a cognitive ap-

proach with an Eulerian-Lagrangian-agent method (ELAM) to simulate and 

predict salmon movement through a fish passage. While both approaches are 

individual-based, it is important to distinguish between larger-scale popula-

tion models and high-resolution computational fluid dynamics models. 

 

2.4.1 Advantages and limitations of individual-based models 

 

Representing the underlying processes behind population dynamics provides 

some important potential advantages over traditional habitat suitability 

models (Stillman et al., 2015). First, IBMs allow the study of more detailed 

(e.g., daily/sub-daily) variations in flow and temperature and their impact on 

distinct life stages of fish and enables the incorporation of indirect and non-

lethal temperature impacts, such as temperature-dependent respiration 

costs (Stillman et al., 2015; Van Winkle et al., 1998). In contrast, traditional 

methods assessing temperature impacts typically only consider thermal 
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stress which is assumed to happen when some threshold value (e.g. 20 Cel-

sius) is exceeded (Van Winkle et al., 1998).  
  

Second, IBMs allow representing theoretically an unlimited number of indi-

vidual-level mechanisms, such as feeding and mortality (DeAngelis & 

Grimm, 2014), which can be integrated as sub-models. Sub-models can be 

tested separately and are typically based on existing knowledge (Railsback, 

2016). Furthermore, as IBMs rely more on mechanistic ecological theories 

rather than historical data, allowing model transferability across different lo-

cations, species and applications (Hajiesmaeili et al., 2023; Stillman et al., 

2015). In addition, IBMs can produce measurable and testable results such 

as fish length, number of migrating fish and population abundance, which 

can be used to support decision-making in river management problems 

(Bjørnås et al., 2021; Hajiesmaeili et al., 2023). 

 

The mechanistic nature and simulation of different individual processes, 

however, increase the complexity and the computational requirements of 

IBMs, limiting their adoption. Developing and testing new IBMs is time-in-

tensive and requires a lot of expertise and knowledge about modelling and 

the modelled species (Railsback, 2016). The lack of knowledge, for example, 

about the critical biological responses to physical habitat in most biota (Co-

nallin et al., 2010) and species-specific ecophysical parameters, such as 

swimming capabilities, have been highlighted as major limitations 

(Hajiesmaeili et al., 2023; Watz et al., 2023).  Currently, not many existing 

models are available as an easily applied package which, in turn, makes using 

and understanding IBMs challenging. For instance, model calibration re-

quires a detailed understanding of the mutual influence of different parame-

ters and processes. Furthermore, high computational requirements and long 

simulation runtimes might decrease the feasibility of IBMs.  

 

2.4.2 Individual-based modelling applications 

 

Individual-based models have been used, among other models,  to model riv-

erine fish population response to, for example, changes in flow pattern and 

temperature (e.g., climate change impacts), habitat alterations, and hy-

dropeaking (Table 1). The spatial resolution of the models used during the 

studies varied from habitat cells with an area of a few square meters (in-

STREAM, inSALMO & SalStrand-IBM) to around kilometre-long successive 

river segments (ORCM) in which the habitat was expressed as weighted usa-

ble area ‘WUA’. The spatial extent of the studies was reported as a total mod-

elled area or the length of the modelled channel. In the studies conducted 

with inSTREAM and inSALMO the modelled area varied between 11700 m2 

and 24000 m2 (Bjørnås et al., 2021; Hajiesmaeili et al., 2023; Watz et al., 
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2022). The studied meandering was around 700 meters long in the study 

conducted with SalStrand-IBM (Hedger et al., 2023) and around 80000 me-

ters in the study conducted with ORCM (Jager & Rose, 2003). As can be seen 

the spatial extent, resolution and how the habitat is expressed varies signifi-

cantly across the studies and therefore the models. Thus, the studies are not 

directly comparable. High-resolution habitat cells are better suitable to 

model microhabitats of small reaches whereas longer river segments with 

WUA might be more feasible when modelling long parts of the river, for in-

stance, from the mouth of the river to the dam limiting habitat space. The 

temporal resolution in most of the models is either daily or sub-daily.  

 

Table 1. Examples of individual-based modelling studies, including models 

used, species investigated and study scope. 

Model Species Application Study 
inSTREAM 7.2 salmon & trout* Hydropeaking Hajiesmaeili (2024) 

inSALMO 7.3 salmon & trout Hydropeaking Hajiesmaeili (2023) 

inSTREAM 7.2 salmon & trout Climate change Watz et al. (2023) 

inSTREAM 6.1 salmon & trout Minimum flow Bjørnås et al. (2021) 

inSTREAM 4.2 virtual stream trout Habitat fragmentation Railsback et al. (2013) 

inSALMO chinook salmon River restoration Railsback et al. (2012) 

IB-salmon salmon Climate change Sundt-Hansen et al. (2018) 

SalStrand-IBM salmon Hydropeaking Hedger et al. (2023) 

steelhead IBM Steelhead Natural flow regime Tyler & Rutherford (2007) 

ORCM chinook salmon Flow patterns Jager & Rose (2003) 

*Salmon stands for Atlantic Salmon and trout for brown trout 

 

The original, daily version of inSTREAM has, for example, been used to sim-

ulate the intra- and interspecific competition in sympatric landlocked Atlan-

tic salmon and lake migrating brown trout to different static minimum flow 

and natural flow regimes in residual flow stretch downstream of HPP dam in 

Gullspång River (Bjørnås et al., 2021). Furthermore, inSTREAM has been 

also utilized to study the impacts of restoring natural flow to steelhead pop-

ulations in the Manistee River, US (Tyler & Rutherford, 2007) and to com-

pare the impact of stream restoration in a degraded and restored site in Clear 

Creek, California (Harvey & Railsback, 2012). In addition, inSTREAM was 

applied to simulate the effects of barriers and habitat fragmentation on a vir-

tual stream trout population in Little Jones Creek, California (Harvey & 

Railsback, 2012). InSTREAM-SD allows the incorporation of sub-daily 

changes in temperature and flow and has, for example, been used to model 

the growth, survival and distribution of salmon and trout populations under 

different hydropeaking, steady flow and natural flow scenarios in Gullspång 

River, Sweden (Hajiesmaeili et al., 2024; Hajiesmaeili et al., 2023). Moreo-

ver, this version was also applied to study salmon and overwinter mortality 

by simulating possible future climate scenarios with higher temperatures and 

increased discharge in the Gullspång river (Watz et al., 2023). 
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The impacts of potential climate scenarios on the juvenile Atlantic salmon 

population in the River Mandalselva, Norway, were also studied using a spa-

tially explicit IBM called ‘IB-salmon’ (Sundt-Hansen et al., 2018). Besides in-

STREAM-SD, the SalStrand-IBM was used to model behaviour and strand-

ing mortality of Atlantic salmon parr in response to hydropeaking in the reg-

ulated River Nidelva Norway (Hedger et al., 2023). Furthermore, an individ-

ual-based model called ‘The Oak Ridge Chinook’ Salmon model  (ORCM) was 

used to simulate river Chinook salmon responses to different seasonal flow 

patterns and regulations in the California River, US (Jager & Rose, 2003). 

 

Besides these examples, IMBs have been used to study genetics in riverine 

metapopulations by combining individual-based modelling with genetic 

models (Ayllón et al., 2016; Landguth et al., 2014), modelling the fish's expo-

sure to contaminants (Brito et al., 2017) and modelling how the migration 

path impacts the upstream migrating salmon (Snyder et al., 2019).  
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3 Methods 
 

3.1 Specifications of inSALMO model 
 

InSALMO is 7.3-SD is the individual-based model version that models the 

freshwater life stages of salmon (Railsback, 2021) and is closely based on the 

generally applicable individual-based stream trout model ‘inSTREAM’ 

(Railsback et al., 2023). The same modelling principles of inSTREAM apply 

to inSALMO, with the exception that inSALMO is designed only to represent 

the freshwater life stages of anadromous salmonids whereas inSTREAM is 

designed to model the life cycle of stream trout. Therefore, inSALMO can be 

used to simulate the reproductive cycle of salmon including, adult spawning, 

redd incubation, juvenile rearing, and outmigration but should not be used 

to make long-term population estimates. InSALMO is implemented in 

NetLogo, which is a free and open-source multi-agent programmable model-

ling environment. 

 

InSALMO simulates the adaptive behaviour of fish by following individual 

fish that decide on each time step on whether to drift-feed or search feed, 

hide from predation, spawn or migrate and what part of the habitat to oc-

cupy. With each decision, the fish aims to maximize its fitness by choosing 

optimal activity (feeding, hiding or migrating) and optimal habitat. To reduce 

the computational costs, inSALMO has the option to represent multiple, 

newly emerged juvenile fish as so-called ‘superindividuals’. In inSALMO 7.3-

SD there are four time-steps per day, representing dawn, daytime, dusk and 

night. Habitat varies spatially and temporally and is controlled by the main 

management variables: flow, temperature, and turbidity. 

 

InSALMO combines multiple sub-models into one functioning individual-

based model. The sub-models include, for instance, the habitat and activity 

selection model, the drift-feeding model, the growth model, and survival and 

redd development models. Some sub-models utilize probability functions, 

making inSALMO partly stochastic. Thus, each modelled scenario should be 

simulated multiple times. 

 

3.2 InSALMO Model input 
 

In inSALMO, the modelled river section is divided into computational mesh 

containing regular or irregular modelling cells (i.e., vector polygons, not ras-

ter format) that are two-dimensional and have three or more sides, building 

the lowest level of habitat entities (Railsback et al., 2023).  Thus, in this work, 

we refer to a 'cell' as the polygon-shaped vector format data, not as a raster 

format cell. Each cell contains information on habitat characteristics as cell 
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state variables including location, area, depth, velocity, turbidity, number of 

hiding places, escape distance, fractions of velocity shelter and spawning 

area, as well as available drift and search food and velocity shelter and hiding 

places. Cell polygon geometries and the constant cell variables for each cell 

are defined in one ESRI (Environmental Systems Research Institute) shape-

file format, as individual features. The shapefile remains constant through-

out the simulation and contains the following general parameters: area of the 

cell, cell ID, reach name and following habitat parameters based on field ob-

servations: number of hiding spots in the cell, escape distance to closest hid-

ing cover and fractions of cell area providing suitable spawning areas and 

velocity shelters. 

 

Computational mesh can be created in a geographic information system 

(GIS). Cell delineation can be based, for example, on bed topography, depth 

and velocity distributions, and habitat characteristics (e.g., hiding cover) that 

are derived from aerial or satellite images, field observations and hydraulic 

modelling. For example, Railsback et al. (2013) delineated polygon cell ver-

tices so that the cells would capture the important habitat variation. Mesh 

generation can be done in GIS by defining manually every cell corner or pol-

ygon centroids and creating Thiessen polygons around these centroids. How-

ever, both methods can be time-consuming. Mesh generation, however, can 

also be done automatically by creating a uniform grid of cells through GIS 

plugins such as mmqgis and cropping the grid with channel boundaries. Any 

shaped uniform cells can be used in inSALMO but uniform hexagon cells 

have been mainly used, for example, by Hajiesmaeili et al. (2023) and 

Bjørnås et al. (2021). Using uniform cells allows the control of mesh resolu-

tion by choosing the appropriate cell size but does not allow mesh refinement 

based on, for example, hydraulic parameters or bed topography. 

 

Estimating the habitat parameters relies on visual inspection of the river 

stretch and knowledge of the target fish species, and/or coarse estimation of 

the habitat parameters based on aerial images but cannot be done very pre-

cisely (Railsback et al., 2023). These parameters can, for example, be esti-

mated for each cell in the field by recognizing the cell boundaries in the field 

and defining the parameters for the cells. This method is more suitable for 

small streams and with relatively regular cells. Habitat parameters and ele-

ments, on the other hand, may also be mapped digitally through the use of 

geographic information systems (GIS). In this method, the habitat parame-

ters are first mapped digitally as shapes and then the fraction of velocity shel-

ter and spawning area is calculated by dividing the area covered by the cor-

responding habitat shape inside each cell and dividing by the total area of 

each cell. To calculate the area of the shapes inside each cell, QGIS intersec-

tion analysis can be used. The number of hiding places is calculated so that 

first the total area of the hiding cover shape inside each cell is calculated and 
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then the resulting area is divided by the area of a circle with a diameter cor-

responding to the length of young adult fish. The cell escape distance is cal-

culated as the shortest distance from the cell centroid to the hiding cover 

shape, which can be calculated, for instance, using the QGIS tool ‘join attrib-

utes by nearest’. The hiding cover shape does not need to be in the same cell. 

The process of calculating the cell parameters using QGIS is explained step-

by-step and in greater detail by Bjørnås et al. (2023). 

 

Hydraulic input consists of depth and velocity for the corresponding mod-

elled river section.  The depth and velocity files contain a lookup table that 

links each cell with the correct depth and depth-averaged velocity values for 

each flow in the simulation. Depth and velocity values can be estimated with 

hydraulic modelling and then calculated as cell averages from the hydraulic 

raster files for larger inSALMO cells. Averaging the hydraulic parameters 

from the raster files and generating text files containing the lookup tables can 

be done with a QGIS plugin called ‘’hydro_generator’ developed by Peter 

Dudley (2019). Furthermore, the model input includes files that contain in-

formation about the initial fish population, adults that arrive at the modelled 

reach during the simulation, reach and species-specific parameters and sub-

daily time series of flow, and temperature turbidity. 

 

3.3 Calibrated model from Dalälven case-study site 
 

A calibrated inSALMO-model for modelling the fresh-water stages of Atlantic 

salmon was provided as the basis of this study by Vattenfall. The modelled 

site of interest is marked with red in Figure 5 and is an experimental area, 

previously used by the University of Agricultural Science (SLU), isolated 

from the main river channel, Kungsådran, located approximately 10 kilome-

tres upstream of the mouth of river Dalälven, Sweden. 

 

The in and outflow in the study site is regulated to a fixed summer and winter 

discharge of 1 m3/s and 2 m3/s respectively. Winter discharge lasts from the 

start of October to the end of April. Turbidity in the area is low with no ap-

parent influence on fish but has not been measured, therefore a constant 

value of 2 NTU was assumed. Water temperature time series data was rec-

orded at the hydropower plant in Älvkarleby. The habitat access is limited in 

the experimental channel. The modelled area is around 300 m long and has 

a wet area of around 9000 m2.   
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Figure 5. Boundaries of the study area with red and positions of inlet and 

outlet flow control structures with blue. 

 

The habitat and hydraulic information required to calculate the cell parame-

ters and create the computational mesh containing the polygon cells were 

provided alongside the calibrated model and are presented in Figure 6. The 

habitat information used to calculate the cell parameters (velocity shelter, 

spawning areas and hiding cover)  for the model are based on field observa-

tions and estimates are stored in shapefiles. The hydraulic information depth 

and velocity have been extracted from the hydraulic modelling software 

HEC-RAS for both winter and summer flow and are stored in 1-meter reso-

lution raster files. The original computational mesh used in the calibrated 

model has 2139 uniform hexagonal cells with a cell size of 4.2 m2. The model 

parameters, such as food production and predation, are kept constant 

throughout this work meaning that the model is not re-calibrated when the 

cell size is changed. Thus, all the following tests with different cell sizes were 

conducted using a model that had not been re-calibrated. 
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Figure 6. Visualisation of habitat and hydraulic input and the computational 

mesh used in the calibrated model. 

 

The modelling period is from April 2007 to May 2013. At the initialization of 

the model, there are 1384 under 1 year juveniles, 436 1-year-old juveniles and 

7 2-year-old juveniles. The modelling period contains five complete adult ar-

rival periods, during which 10 adult salmon migrate into the stream to 

spawn. As the model is stochastic, the model was run either 10 or 20 times 

for each unique mesh to gather sufficient repetitions and results. Only those 

runs from the initial 10 or 20 runs that had successful spawning for each year 

were included in the averaged results. 

 

3.4 Impact of cell size on inSALMO model 
 

 
Figure 7. Habitat selection radius in a function fish length using the same 

parameters as was in the calibrated model used during this study (Railsback 

et al., 2023). 

 

Model runtime is significantly impacted by the number of cells evaluated at 

each time step. This cell number depends on the habitat selection radius  R 

(Figure 8), which is described as the logistic function of fish length and 
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estimated based on literature and field and laboratory experiments. This 

habitat evaluation process is undertaken for each fish, starting with the larg-

est fish. Therefore, the number of calculations needed for each fish during 

each timestep depends on the number of cells within R. With a constant R, 

for example, the average simulation runtime increases approximately line-

arly with the number of uniform-sized cells (Figure 8). 

 

 
Figure 8. Average simulation runtime of the provided inSALMO model as a 

function of mesh cell count using unform hexagon cells. Runtime averaged 

over 4-13 valid runs. The model parameters were not re-calibrated when 

changing the cell count. 

 

In addition, inSALMO cell sizes should not be smaller than the feeding terri-

tory of the modelled species as the available food in each cell depends on the 

cell area. Hence, too small cells may not provide enough food to support 

larger fish or multiple small fish simulated as superindividuals (Railsback et 

al., 2023) and would therefore not be used by larger fish, limiting the useful 

habitat available. Too large cells, in contrast, support a larger number of 

larger fish which, in turn, may result in larger individuals entirely occupying 

those cells, not leaving space for smaller individuals. Generally, the in-

STREAM cell size should be at least 2-4 m2 depending on the modelled spe-

cies and parameters determining, for instance, the food availability during 

the simulation (Railsback et al., 2023). 

 

Choosing an appropriate cell size is a trade-off between capturing the fine 

changes in habitat and hydraulic parameters and computational run-time. 

Changing the cell size and shape directly changes the values of the hydraulic 

parameters as they are averaged from different raster tiles.  Changing the cell 

size and shape does not change the total number of hiding places or the total 
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area of velocity shelter and spawning area in the model. For instance, a hiding 

cover would provide the same number of total hiding spaces in a smaller 

number of larger cells compared to a higher number of smaller cells provided 

that the total cell area is the same. However, when changing the cell size and 

shape the location of the cell centroid changes, which might change the cell 

escape distance. Even though changing the cell geometries does not change 

the total area of velocity shelter, it might change how effectively it can be used 

during the simulation due to the model drift-feeding mechanisms. When fish 

use velocity shelter while drift-feeding it depletes the cell available velocity 

shelter with an area that corresponds to the area equivalent to the fish’s 

length squared, which is much smaller than the cell area required to provide 

a sufficient amount of drift food. Thus, in small cells, some of the velocity 

shelter might not be used due to the low drift food availability. On the other 

hand, when increasing the cell size, for example, by merging two cells, it 

might increase the use of velocity shelter as the available drift food in the cell 

increases. 

 

Changing cell size and shape influences hydraulic parameters, velocity and 

depth, which are calculated as cell averages. As the hydraulic input parameter 

generally has a higher resolution than inSALMO cells, increasing the model 

cell size leads to a loss in the accuracy of the hydraulic parameters. Hence, a 

trade-off between retaining the accuracy of the hydraulic parameters and the 

simulation runtime has to be found. 

 

Depth and velocity are important factors in many inSALMO sub-models in-

fluencing, for example, to growth and survival of the fish. Velocity highly in-

fluences the food intake juvenile salmon can gain from drift and search feed-

ing. Figure 9 presents the impact of water velocity on drift-food intake for 4 

cm, 7 cm and 10 cm long juveniles at 10 °C, highlighting the existence of an 

optimal water velocity for maximum food intake depending on fish length. 

Beyond this optimal water velocity, capture success decreases despite the in-

crease in drift food transported. Similarly, the food intake from search-feed-

ing is presented in Figure 10, showing a linear decrease with increasing water 

velocity as search-feeding becomes more challenging at higher velocities. 
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Figure 9. Juvenile food intake from drift 

feeding for 10 cm, 7 cm and 4 cm long 

fish at 10 °C temperature with the same 

parameter values as in the calibrated 

model used during this study (Rails-

back et al., 2023). 

 

 
Figure 10. Juvenile food intake from 

search feeding for 10 cm, 7 cm and 4 

cm long fish at 10 °C temperature with 

the same parameter values as in the 

calibrated model used during this study 

(Railsback et al., 2023). 

 

Water velocity also determines the respiration costs from swimming which 

increases exponentially with water velocity highlighting the importance of 

velocity shelter (Figure 11). Water depth is also an important factor in deter-

mining the probability of fish (Figure 12) and terrestrial predation. Survival 

from fish predation is assumed to be higher in shallow waters because the 

likelihood of bigger fish habiting those areas is lower (Railsback et al., 2021). 

 

 
Figure 11. Respiration cost for a 10 cm 

long juvenile in 10 °C temperature as a 

function of water velocity with and with-

out velocity shelter using the same pa-

rameter values as in the calibrated 

model used during this study (Railsback 

et al., 2023). 

 

 
Figure 12. Increase in survival prob-

ability as a function of water column 

depth using the same parameter val-

ues as in the calibrated model used 

during this study (Railsback et al., 

2023). 
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3.5 Development of an input and mesh generator for in-

SALMO 
 

In total, two separate tools were developed for the mesh and input file gen-

eration. The first tool, a QGIS plugin, is used to calculate the cell parameters 

and generate mesh shapefile and hydraulic lookup tables compatible with in-

SALMO. It is also used to merge cells that have similar cell parameters and 

to remove dry cells. The second tool is a Python script that generates unstruc-

tured quadrangular meshes based on user input. The generated mesh can be 

then used as the initial mesh for the QGIS plugin. 

 

3.5.1 Developed QGIS plugin for the dissolving of cells, cell parame-

ter calculation and input file generation. 

 

The developed QGIS-plugin has a graphical user interface (Figure 13) where 

the user selects the input layers (i.e., habitat parameter shape files; Figure 6), 

output paths and whether the initial mesh should be dissolved or not. The 

initial mesh can either be created through QGIS (see section 3.2 inSALMO 

model input) or with the Python script introduced in a later section 3.5.2. The 

user also defines which layers (e.g., depth and velocity) should be used for 

dissolving and the threshold values for dissolving and for deleting cells that 

are considered too dry or not entirely covered by the selected hydraulic ras-

ter.  

 

 
Figure 13. The graphical user interface of the developed QGIS plugin. 

 

The workflow of the QGIS plugin is described in the following and presented 

in Figure 14. After the user has inserted all the input layers, output paths and 

thresholds and started the algorithm, the algorithm first calculates the dif-

ferent cell parameters for the initial mesh. Parameters are calculated by call-

ing QGIS operations using the PyQGIS library. The hydraulic values are 
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averaged for each cell from the hydraulic rasters using a solution developed 

by Peter Dudley (2019). After calculating the cell parameters all cells are eval-

uated, and the dry cells, as well as partially covered cells, are removed. 

 
Figure 14. Workflow of the QGIS-plugin.  

 

If the user decides against dissolving the mesh, the algorithm directly moves 

into generating the inSALMO input files consisting of a mesh shapefile with 

the habitat parameters imprinted and two CSV files containing the lookup 

tables for depth and velocity depending on the cell ID and discharge. In ad-

dition, the plugin generates an Excel file containing statistics about the gen-

erated mesh including the number of cells before dissolving, the number of 

cells in the final mesh, minimum, average and maximum cell size, and how 

much the cell’s hydraulic parameters (depths & velocities) differ from the 

original hydraulic raster format depth and velocity data. 

 

If the dissolving box is checked the algorithm proceeds to dissolving the cells 

before generating the files. Here, the algorithm finds adjacent cells for each 

cell using a solution provided by (Ujaval, 2019), which is based on using the 

summary aggregate function in the QGIS field calculator. Then, the algo-

rithm iterates over every cell and its adjacent cells and evaluates whether the 

two cells should be merged. The comparison is only done once between each 

cell as two cells are only compared when the neighbouring cell has a higher 

cell ID. If the criteria between the two cells is met the cell ID of the cell being 

iterated is saved into the adjacent cell field “ID_to_merge”. If the cell being 

iterated already has a cell ID that it will be merged with (“ID_to_merge” field 

is filled), the comparison is performed between the adjacent cell and the it-

erated cell will be merged with (Figure 15). This way cells can be merged into 

cell groups containing more than two cells that all meet the merging criteria. 

If the comparison was done with the iterated cell (A) and adjacent cell (B), 

ignoring cell (C) that is already going to be dissolved into the adjacent cell, a 

gradual change could be tolerated as cell (A) and cell (C) might not meet the 
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dissolving criteria when compared against each other but would meet it when 

comparing the middle cell (B). 

 

 
Figure 15. Process of comparing the evaluated cell either to the adjacent cell 

or to the cell into which the adjacent cell will be merged. 

 

Once all the cells have been iterated, the in-build QGIS function “Dissolve” is 

called and the cells sharing the same value in the “ID_to_merge” field are 

dissolved into one cell. The algorithm sometimes produces cells that consist 

of unwanted multipart polygons which, however, are divided into separate 

polygon features before proceeding. Furthermore, as more than two cells can 

be dissolved into one, the cell centroid might not be inside its borders. Poly-

gons that have a centroid outside their boundaries are identified and split 

into three separate polygons with a solution provided by (Ujaval, 2021). In 

most cases, the three new polygons have a centroid within their boundaries. 

Once the dissolving process is completed, the algorithm re-calculates the cell 

parameters for the remaining cells and generates mesh shapefile and hydrau-

lic files. Once all the steps are completed the generated input files are ready 

to be used in inSALMO.  
 

3.5.2 Using Gmsh through Python and pandamesh 

 

Alternatively, the initial mesh can be created from scratch using a developed 

Python script. The general idea of creating an unstructured mesh from 

scratch is to base it on available geospatial data such as depth or velocity. The 

goal is to create a mesh that represents the changes in hydraulic (and/or hab-

itat) parameters more accurately than the uniform hexagon meshes created 

with QGIS. This is achieved by based on two general ideas. First, the mesh 

boundaries should follow as well as possible the contour lines of the used in-

put. This way we represent the change in the parameters more accurately be-

tween two cells. Another way, even though linked, is to create more cells in 

areas where the gradient of the parameters is higher and fewer cells in areas 

where the parameters are more uniform. 
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The workflow of preparing the geospatial data by hand in QGIS and creating 

the mesh based on it through the Python script consists of four steps and is 

presented in Figure 16. In the first step, the raster file the generated mesh 

should be based on is selected. Following, contour lines are created for the 

chosen raster in QGIS using the QGIS tool ‘contour lines’. These lines can 

then be further modified by hand to remove contour lines that are too close 

to each other or to adapt them to follow actual raster tiles more carefully. If 

case the study area has distinct areas with significantly different velocities or 

depths, the contour lines can be prepared separately for these areas to max-

imize the benefit. After contour lines are finished points are then distributed 

along the lines, which are created using the QGIS tool called ‘points along the 

geometry’. All the steps to this point are performed manually in QGIS. 

 

 
Figure 16. Workflow of creating the mesh using Gmsh through Python pack-

age pandamesh based on the geospatial input prepared in GIS. 

 

Once the points are created, they can be used as input alongside the channel 

boundaries for the developed Python script. First, the Python script filters 

the points to make sure that they are located in sufficient distance from each 

other depending on the desired mesh resolution. More densely located points 

lead to a denser mesh with a large number of small cells and vice versa. The 

points are filtered in the Python script so that they are iterated one by one 

and retained if the previously iterated points are not located closer to the 

point than the user-defined threshold. Hence, the order in which the points 

are iterated has an impact on which points are retained. To date, currently, 

this order is random and not optimized. Once the points are filtered, the Py-

thon script calls Gmsh through an open-source Python package pandamesh 

(Huite et al., 2024) to generate the mesh from scratch using the channel 

boundaries and the filtered points as input. Gmsh is an open-source quality 

mesh generator that can be used to generate unstructured triangular and rec-

tangular 2D meshes from scratch based on user-defined input (Geuzaine & 

Remacle, 2024). Gmsh provides multiple different algorithms that can be 
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chosen for the mesh generation ‘MeshAdapt’ and ‘Delaunay’. After some test-

ing, an algorithm called ‘Frontal-Delaunay for quads’ was chosen which re-

combines triangles into quadrilateral polygons. Triangles could been used for 

inSALMO as well, but a quadrilateral shape was chosen as it was closer to 

hexagons and the cell area was easier to control while maintaining the hy-

draulic accuracy. Pandamesh produces the mesh using Gmsh in the form of 

faces and vertices, based on which the developed Python script builds a 

shapefile containing polygon features. 

 

3.6 Meshing methods used for case study 
 

In total, five different meshing methods (Table 2) were used to compare the 

ability to retain the hydraulic information and to study the impacts of mesh-

ing methods and size on model runtime and results. All the methods were 

used with multiple different settings to generate different meshes, which 

could be compared between the different methods and settings.  All meshes 

used during the study, apart from some meshes only used in the section 4.1, 

are described in the following and are presented in Appendix A. The meshes 

only used in the section 4.1 were not needed to describe here as they were 

only used to evaluate the simulation runtime, which mainly depends on the 

cell count. The cell count is proportional to the average cell size.  

 

Table 2. Different meshing methods and tools used during this study and the 

shapes of the produced meshes. 
Method Tools Shape 

Uniform hexagons (UH) QGIS  Uniform Hexagons 

Trimmed uniform            
hexagons (TUH) 

QGIS & inSALMO “cell 
output” file 

Uniform hexagons, some of the initial 
cells deleted 

Dissolved hexagons (DH) QGIS  & QGIS-plugin Uniform Hexagons & merged polygons 

Gmsh quads GQ) QGIS & Gmsh  Unstructured quadrilaterals 

Dissolved Gmsh quads 
(DGQ) 

QGIS, Gmsh & QGIS-
plugin 

Unstructured quadrilaterals & merged 
polygons 

 

(1) Uniform hexagon mesh (UH) 

The first and most simple method was to use QGIS to create a uniform hexa-

gon grid (e.g., using mmqgis – explained in section 3.5.1), remove its dry cells 

and calculate the cell parameters using the developed QGIS plugin. Hexagon 

shape was chosen as it was used in the calibrated model and previous studies 

by Hajiesmaeili et al. (2023) and Bjørnås et al. (2021). Eight different sce-

narios were investigated (Table 3) with cell sizes of 3.0; 4.2; 4.5; 5.1; 5.6; 6.1; 

7.2 and 10.4 m2  resulting in a cell count of 2981, 2121, 2009,  1806, 1636 and 

1520, 1304 and 941 cells respectively. 

 

 

 



41 

 

Table 3. Uniform hexagon scenarios used for the case study. 

Scenario Cell area Cell count 

UH-1 3.0 2981 

UH-2 4.2 2121 

UH-3 4.5 2009 

UH-4 5.1 1806 

UH-5 5.6 1636 

UH-6 6.1 1520 

UH-7 7.2 1304 

UH-8 10.4 941 

 

(2) Trimmed uniform hexagon mesh (TUH) 

For the second method, the inSALMO debug file “cell output” was used to 

understand which uniform hexagon cells of the UH-3 (i.e., cell size 4.5 m2, 

2009 cells; see method (1)) were not used or were only used few times during 

the tracking of the simulation. Those unused cells were then removed to de-

crease the cell count, resulting in TUH-2 with 1588 and TUH-3 with 1070 

cells (Table 4) when removing cells with no fish occurrences and all cells with 

no or very few occurrences, respectively. The cell size remains the same as in 

the initial mesh with 4.5 m2 cell size as the geometry of the remaining cells is 

not modified.  

 

Table 4. Trimmed uniform hexagon scenarios used for the case study. 

Scenario Cell area Initial Cell 

count 

Cell removal base Cell count af-

ter removal 

TUH-2 4.5 2009 No fish 1588 

TUH-3 No fish + few fish 1070 

 

(3) Dissolved hexagons (DH) 

The third method was to take the uniform hexagon meshes UH-2 (2121 cells) 

and-3 with 2121 (2009 cells) and dissolve their cells using the developed 

QGIS-plugin (section 3.5.1). For both meshes, a total of five scenarios (Table 

5) were investigated, including the dissolving of the uniform hexagon meshes 

based on depth (D) and velocity (V) for both flows, ’velocity shelter’ (VS), and 

‘escape distance’ (ED), and their combinations. Habitat parameter ‘spawning 

area’ was not considered in any of the dissolving processes presented here, 

as it does not impact growth or outmigration percentages.  
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Table 5. Dissolved uniform hexagons scenarios used for the case study. In 

the ‘dissolving threshold’ column S stands for the process where all param-

eters were compared separately and Avg stands for the process where the 

parameters were averaged. Depth (D) and velocity (V) were used for both 

winter and summer flow for all the meshes in the table. 

Scenario Initial 

cell 

count 

Cell 

count 

Average 

cell area 

Dissolving 

parameters 

Dissolving 

threshold 

DH-1 2009 1832 4.93 D & V S (0.1) 

DH-2 2121 1761 5.06 V Avg (0.05) 

DH-3 2009 1706 5.3 D & V S (0.15) 

DH-4 2009 1670 5.38 V, D, VS, ED S (0.075) 

DH-5 2009 1543 5.86 D & V S (0.20) 

DH-6 2121 1775 5.05 V & D Avg (0.075) 

 

In addition to the dissolving parameter, two different approaches to dissolv-

ing cells were examined. For scenarios DH-1 and DH-3 cells were dissolved 

based on the relative difference between the two adjacent cells for each of the 

four hydraulic parameters (2 discharges, i.e., 2 velocity and depth files per 

discharge). The relative difference was calculated by calculating the absolute 

difference between the two values of the two adjacent cells and dividing the 

difference by the average of the two values. Cells were merged if the relative 

difference between all the dissolving parameters was separately (S) below the 

defined thresholds (see input fields in the QGIS plugin, Figure 13). In sce-

nario DH-2 dissolving was only based on the relative difference of velocity 

for both flows. In scenario DH-4 the dissolving was based on depth and ve-

locity for both flows and ‘velocity shelter’ and ‘escape distance’. 

 

For scenarios DH-5 and DH-6, the dissolving was based on the calculation of 

the average relative difference between the selected dissolving parameters 

and merging cells if the average relative difference is below the defined 

threshold S (see Table 5). DH-6 was only used during the hydraulic accuracy 

comparison in the section 4.1. 

 

(4) Gmsh quads (GQ) 

The fourth method used Gmsh, creating unstructured quadrilateral (quad) 

meshes (Table 6) based on the points along the contours of either depth (SD) 

or velocity (SD) raster during the summer flow (see section 3.5.2), with GQ-

1 and 3 being further modified by hand. The Summer flow was selected as the 

magnitude of the flow was higher, thus leading to higher gradients in depth 

and velocity. Gmsh a cell size constraint of 2 - 2.5 m2 was used and the dis-

tance between filtered points was around 2.5 m. The average cell size varied 

between  4.77  and 4.86 m2 between the scenarios.  Overall, the cell size varied 

between 2 and 9.4 m2 in all GQ scenarios. The local cell sizes depend on the 
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geometry of the channel and the points used during the meshing. More and 

smaller cells are created in the areas with more points.  

 

These meshes were only used to compare the hydraulic accuracy of the 

meshes to other method 1, 3 and 5. They were not used to analyse mesh and 

cell size impact on inSALMO results due to time and resource constraints. 

 

Table 6. Gmsh quads scenarios are used for comparing the hydraulic accu-

racy of the meshes but were not used in inSALMO simulations. In the ‘Con-

tours’ column SD refers to summer flow depth and SV refers to summer flow 

velocity. (*) marks for hand-modified contours. 

Scenario Cell 

count 

Average 

cell area 

Contours 

GQ-1 1896 4.77 SD* 

GQ-2 1879 4.86 SD 

GQ-3 1870 4.94 SV* 

 

(5) Dissolved Gmsh quads (DGQ) 

The fifth method was to create mesh using the Gmsh similarly as in method 

(3) and then dissolve the created mesh using the QGIS-plugin similarly as in 

method (2). In total, eight scenarios (Table 7) were created with this method, 

five of which were used to analyse their impact on inSALMO results (DGQ-1, 

2, 3, 4 and 5) and three (DGQ-6, DGQ-7 and DGQ-8) were used to compare 

the hydraulic accuracy. The contours created for scenarios DGQ-1, 6, 7, and 

7 were further modified by hand. While DGQ-2 was dissolved on velocity- 

depth and escape distance separately (S) with a 0.075 threshold, all other 

scenarios were dissolved based on the averaged relative difference of depth 

and velocity (see Table 7 for dissolving thresholds). 

 

Table 7. Dissolved Gmsh quads scenarios used for the case study. 
Scenario Initial cell 

count 
Cell 
count 

Average cell 
area 

Contours Dissolving 
parameters 

Dissolving 
threshold 

DGQ-1 2425 1892 4.77 SD* D & V Avg (0.1) 

DGQ-2 2257 1872 4.86 SV D & V & VS, & 

ED 

S (0.075) 

DGQ-3 2257 1812 4.94 SV V Avg (0.05) 

DGQ-4 2031 1662 5.40 SV V Avg (0.075) 

DGQ-5 1842 1508 6.02 SD D & V Avg (0.1) 

DGQ-6 2387 1915 4.63 SD* D & V Avg (0.1) 

DGQ-7 2250 1809 4.95 SV* D & V Avg (0.1) 

DGQ-8 2217 1807 4.97 SD* D & V Avg (0.1) 
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3.7 Mesh assessment 
 

Different meshing strategies (uniform hexagons, dissolved hexagons, Gmsh 

quads and dissolved Gmsh quads) and their ability to retain the hydraulic 

information were evaluated by calculating the differences between the input 

hydraulic rasters (depth & velocity) and the corresponding, dissolved value 

from the inSALMO raster. The corresponding value was calculated by trans-

forming the inSALMO mesh into a shapefile with the same shape and reso-

lution as the input hydraulic rasters and then the hydraulic values were cal-

culated as weighted average for each tile. Then the average error was calcu-

lated by calculating the absolute difference between each raster tile and the 

corresponding averaged value from the inSALMO mesh and then averaging 

the differences across the raster(s). The calculation was done using a Python 

script, which was part of the developed QGIS plugin (section 3.5.1). Moreo-

ver, the meshes' ability to retain the hydraulic information is evaluated 

through visual inspection, which was done in QGIS. In the visual inspection 

the depth was visualized with different meshing strategies and compared to 

the original depth raster format data and its contours. 

 

Furthermore, the different meshing strategies were evaluated by the simula-

tion runtime and the different outputs produced by the inSALMO. All the 

simulations were carried out with the same modelling period, initial fish pop-

ulations and model parameters as was used in the calibrated model and de-

scribed in the section 3.3. The total number of simulations carried out with 

each meshing strategy varied between 10 and 20 and only valid simulations 

were included in the analysis of the results. The number of simulations and 

valid simulations are presented in Appendix A. 

 

Valid simulation refers to simulations with successful spawning (i.e., redds 

were created) for each modelling year. The simulation runtime was tracked 

inside inSALMO to file and averaged over the valid runs using a MATLAB 

script. InSALMO has the functionality to report a population summary for 

each timestep, which includes the number of fishes per age class and their 

average length, among other things. These were used to calculate the average 

length for Young-of-year (age-0) juveniles in August and for age-1 juveniles 

in November between runs conducted with the same scenario and settings 

using the same MATLAB script.  August was chosen for age-0 average length 

because juveniles are still in their early stages of development and rely on 

search feeding. Average age-0 length was compared to electrofishing data 

that has been collected from the studied area by the Swedish University of 

Agricultural Sciences. In contrast, November was chosen to represent the al-

ready well-developed age-1 juveniles heavily relying on drift feeding. There 

was no detailed electrofishing data available specifically for age-1 juveniles. 

Similarly, inSALMO reports all outmigrated fishes and their age and length, 
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which were used to average the outmigration percentages per age-classes and 

the average outmigration length for age-class 1 and 2 using the MATLAB 

script. 

 

InSALMO debug file ‘cell-output’ was used to report the number of fish in 

each cell during each tracked time step. The tracking was done for scenarios 

UH-2, UH-5, DH-1 and DGQ-3 with 10 simulations each and the cell-output 

was reported every 7 days at varying time of the day (day, dawn, dusk and 

night). The fish occurrences were then average using a Python script and vis-

ualized using QGIS. Finally, Excel was used to calculate the growth rate a fish 

would experience in each cell while drift or search feeding using the same 

equations and parameters used during the simulations from the four scenar-

ios UH-1, UH-2, DGQ-3 and DGQ-5. The growth rates were then visualized 

using QGIS. 
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4 Results 
 

4.1 Hydraulic accuracy with different meshing methods 
 

The average absolute differences between the input hydraulic (depth & ve-

locity) raster format data and the inSALMO meshes were analysed for four 

different meshing methods (UH, DH, GQ and DGQ), with an overview of the 

investigated mesh scenarios presented in Table 8. The average error was cal-

culated by calculating the absolute difference between each raster tile and the 

corresponding averaged value from the inSALMO mesh and then averaging 

the differences across the raster. The trimmed hexagon method (TUH) was 

not included here due to its similarity to the untrimmed hexagon method 

(UH), leading to similar hydraulic accuracy results. The QG and DGQ scenar-

ios were produced with the summer flow contours and thus performed better 

against other methods in summer flow depth and velocity accuracy compared 

to winter flow depth and velocity accuracies. All the dissolved scenarios (DH-

1, DH-6 and DGQ-6, 7 and 8) were dissolved using all four hydraulic param-

eters (winter and summer flow depth and velocity). In general, the absolute 

differences in the average hydraulic accuracy between the different scenarios 

are very small (e.g., summer flow depth ranged from 0.072 m to 0.080 m and 

velocity from 0.042 m/s to 0.046 m/s); thus, the results are only indicative. 

For instance, the difference between the highest (GQ-3) and smallest average 

error (DGQ-6) compared to the original summer flow depth raster was only 

7 mm. 

 

The smallest average summer flow depth error (0.072) produced by scenario 

DGQ-6 was about 5.2 % smaller compared to the average error (0.076 m) 

produced with uniform hexagon scenario UH-3 indicating some improve-

ment in retaining the accuracy of summer flow depth. Scenarios DGQ-8 

(0.075 m) and GQ-1 (0.074), also based on summer flow depth contours, pro-

duced a few millimetres lower average summer flow depth errors compared 

to uniform hexagon scenarios UH-3 and UH-4. Other scenarios produced 

similar or slightly higher summer flow depth errors than the uniform hexa-

gon scenarios. 
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Table 8. The average absolute error between the velocity (m/s) and depth 

(m) raster files and the selected mesh scenarios for both summer flow (Q = 

2 m3/s) and winter flow (Q= 1 m3/s). The average error was calculated by 

calculating the absolute difference between each raster tile and the corre-

sponding averaged value from the inSALMO mesh and then averaging the 

differences across the raster. Summer flow (Q= 2m3/s)  depth (SD) and ve-

locity (SV) contours were used to generate the initial mesh with Gmsh. (*) 

marks that the contours were further modified by hand in QQIS. Dissolving 

was based on all 4 hydraulic parameters (Summer and winter flow depth and 

velocity) in all the scenarios presented in the table. 
 
 
Scenario 

 
 
Cell count 

 
 
Contours 

 Depth  
(Q=2 m3/s) 

[m] 

Velocity 
(Q=2 m3/s) 

[m/s] 

 Depth  
(Q=2 m3/s) 

[m] 

Velocity 
 (Q=1 m3/s) 

[m/s] 

UH-3 2009 - 0.076 0.043  0.068 0.035 
UH-4 1806 - 0.077 0.046  0.071 0.037 

DH-1 1832 - 0.077 0.045  0.072 0.036 
DH-6 1775 - 0.078 0.043  0.070 0.035 

GQ-1 1896 SD* 0.074 0.046  0.069 
 

0.037 
GQ-2  1879        SD 0.076 0.046  0.071 0.038 

GQ-3 1870 SV* 0.079 0.044  0.073 0.037 

DGQ-6  1915        SD*       
§ 

0.072 0.043  0.069 0.035 
DGQ-7 1809 SV* 0.080 0.042  0.075 0.036 

DGQ-8  1807 SD* 0.075 0.044  0.072 0.036 

 

The absolute differences between average summer flow velocity errors be-

tween different scenarios were even smaller as all the scenarios were in the 

range of 0.042 m/s – 0.046 m/s. The smallest summer flow velocity error 

(0.042 m/s) was produced with scenario DGQ-7 with 1809 cells and was 

about 8.4 % smaller than the error (0.046 m/s) produced with uniform hex-

agon scenario UH-4 with a similar number of cells (1806). Dissolved hexagon 

scenario DH-6 produced the same average summer flow velocity error (0.043 

m/s) with 234 fewer cells compared to uniform hexagon scenario UH-3 and 

a smaller error compared to uniform hexagon scenario UH-4 (0.046 m/s) 

with a similar number of cells. DH-6 also produced the same average winter 

flow velocity error as UH-3 and was smaller than UH-4. Other than that, dis-

solved hexagons scenarios, did not seem to improve the hydraulic accuracy. 

 

The smallest average winter flow depth error (0.068 m) was produced with 

uniform hexagon scenario UH-3, which also shared the smallest average win-

ter flow velocity error (0.035 m/s) with scenarios DH-6 and DGQ-6. In gen-

eral, all the winter flow errors (depth and velocity) are very close to each 

other. However, the highest average winter flow depth error (0.075 m/s) was 

produced with scenario DGQ-7 and was 9.6 % higher than the error produced 
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with scenario UH-3 mentioned above. It should be noted that the dissolving 

was based on summer and winter flow depth and velocities in all scenarios 

but all the used contours in DGQ and GQ scenarios were based on summer 

flow depth or velocity.  

 

Besides error calculation, a visual comparison was undertaken exemplarily 

for comparing the different scenarios. Summer flow depth is visualized in the 

Figure 17, it can be observed that mesh boundaries in the Gmsh quads and 

dissolved Gmsh quads (GQ-1) mesh follow more accurately the contour lines 

compared to uniform hexagon mesh. In the dissolved Gmsh mesh (DGQ-6) 

the deepest region is shallower than in the other three meshes as the deep-

est cells have been merged with the surrounding cells that are slightly shal-

lower. 

 

 
Figure 17. Visualization of summer flow depth with the summer flow input 

depth raster (left) and  the results of four meshes from Table 8; uniform hex-

agon mesh (UH-3), dissolved hexagon mesh (DH-1), Gmsh quad mesh (GQ-

1) and dissolved Gmsh quad mesh (DGQ-6) with the hand-modified summer 

flow depth contour lines are also presented in red. GQ-1 and DGQ-6 were 

selected as they were based on the hand-modified contours and had the 

lowest average summer flow depth errors in Table 8. UH-3 and DH-1 were 

selected as they had a similar number of cells. 

 

4.2 Simulation runtime with different meshing methods 
 

In Section 3.4, it was shown that the relationship between the number of uni-

form hexagonal cells and runtime is approximately linear, showing an in-

crease in runtime with cell count. Uniform hexagons (UH) trimmed uniform 

hexagons (TUH), dissolved hexagons (DH), and dissolved Gmsh quads 

(DGQ) methods were used to model, whether the relationship remains the 

same with non-uniform cell shape and size with the trimmed cells. The 
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undissolved Gmsh quads (GQ) method was not included due to uncertainties 

in the results but in general, they seemed to perform similarly to dissolved 

Gmsh quads. Average simulation runtimes with UH, TUH, DH and DGQ sce-

narios are presented in Figure 18 and show that the relationship between 

runtime and cell count remains roughly the same with UH, DH and DGQ 

scenarios. The highest average runtime was 19.7 hours produced by the UH- 

scenario with 2009 cells. The dissolved hexagon scenario (DH-5) with 1543 

cells slightly deviated from the linear trend, with a simulation runtime of 18.7 

hours. This, however, may be associated with a lower number of valid runs 

(4) compared to other test cases, causing a higher standard deviation in 

runtime (2.2 hours). The reason why DH-5 had a lower number of valid runs 

(i.e., fewer runs with successful spawning each modelled year) is unknown 

but might be just due to chance, as the spawning is partly stochastic. 

 

 
Figure 18. Average simulation runtime with uniform hexagons, trimmed uni-

form hexagons, dissolved hexagons and dissolved Gmsh quads meshing 

methods.  

 

However, the simulation runtime with trimmed uniform hexagons (TUH) 

scenarios is significantly lower compared to other scenarios with a similar 

number of cells. For instance, the TUH scenario with 1588 cells had an aver-

age simulation runtime of 15.2 hours whereas the DGQ scenario with 1662 

cells and DH scenario with 1660 cells both had an average simulation 

runtime of 17.6 hours or around 16 % higher than the TUH scenario. The 

TUH scenario with 1070 cells produced the lowest average simulation 
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runtime (8.5 hours), which was around 3.6 hours (30 %) less than the 

runtime with the UH scenario with 941 cells. TUH-1 and TUH-2 are pre-

sented in Figure 19. From the figure it can be seen that some of the cells have 

only small number of cells that are close by and would be inside the habitat 

search radius R. 

 

 
Figure 19. Trimmed uniform hexagon scenarios TUH-1 and TUH-2. 

 

4.3 InSALMO modelling outputs with different meshing 

strategies 
 

4.3.1 Impact of different meshing strategies on juvenile length pro-

duced by inSALMO simulations 

 

The average length of Young-of-year YOY juveniles during August in the 

function of cell count with uniform hexagons (UH), trimmed uniform hexa-

gons (TUH), dissolved hexagons (DH) and dissolved Gmsh quads (DGQ) sce-

narios are presented in Figure 20 and in Appendix B. The average length of 

YOY during August in the electrofishing data was 6.7 cm and is presented 

with a purple line in Figure 20. The fourth method (GQ) was not included in 

the final inSALMO simulations (only used in hydraulic accuracy evaluation) 

however, initial experiments indicated that it would produce similar results 

as the DGQ method.  

 

First, when looking at the average lengths produced by the simulations with 

uniform hexagons (orange dots), it can be observed that the average length 

of the YOY juveniles first decreases as the number of cells increases (cell size 

decreases) and then around 2000 cells start to scatter both sides of around 
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6.4 cm. UH-5 with 1638 cells produced roughly the same average length as 

was observed in the electrofishing data whereas the UH scenarios with fewer 

cells than UH-5 produced higher and UH scenarios with more cells produced 

lower average length. UH-3 with 2009 cells produced about 11 % lower aver-

age length than the electrofishing data whereas UH-8 with 941 cells produced 

about 9 % higher average length than the electrofishing data. 

 

The trimmed uniform hexagon scenario TUH-2 with 1588 cells produced a 

slightly higher average length (6.18 cm) compared to the initial scenario UH-

3 and the more radically trimmed scenario TUH-3 with 1070 cells produced 

a slightly lower average length (5.72 cm). The scenario TUH-3 deviated most 

from the electrofishing data being around 15 % lower. 

 

 
Figure 20. The average length of Young-of-year (age-0) juveniles during Au-

gust in a function of cell count with uniform hexagon, trimmed uniform hexa-

gon, dissolved hexagon and dissolved Gmsh quad scenarios. 

 

When looking at the average length produced by the dissolved hexagon sce-

narios marked with green dots, we can observe that all five scenarios from 

DH-1 to DH-5 produced similar average lengths in the range of 6.6-6.8 cm 

compared to electrofishing data. In comparison, the simulations with dis-

solved Gmsh quads (DGQ) scenarios (blue squares) produced more scattered 

average lengths.  DGQ-3 with 1812  cells was the only DGQ scenario with an 

average length less than the electrofishing data being 5 % smaller than it 

while DGQ-4 with 1662 cells produced roughly the same length as electro-

fishing data. Both, DGQ-3 and 4 were based on velocity contours and dis-

solved only based on velocity values. DGQ-1 and DGQ-2 produced average 
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lengths around 2.3-2.5 % higher electrofishing data. DGQ-5 deviated most 

among the DGQ scenarios producing 7 % higher average length than in elec-

trofishing data. 

 

The average length of age-1 juveniles in November depending on the cell 

count is presented in Figure 21 and in Appendix B. Again, the average lengths 

produced with uniform hexagon (UH) scenarios tend to decrease as the num-

ber of cells increases. Similarly, to the YOY length in August, the highest av-

erage length of age-1 juveniles (15.1 cm)  among the uniform hexagon scenar-

ios is produced with scenario UH-8 with the smallest cell count and the low-

est with scenario UH-3 (13.7 cm). Again, scenarios UH-1 and UH-2 with 

higher cell counts and lower cell sizes produced higher average lengths (14.1 

cm & 13.9 cm) than scenario UH-3, indicating that the average length stabi-

lizes to around 14 cm after decreasing the cell size under 5 m2. The trimmed 

uniform hexagon scenario TUH-2 with 1588 cells produced nearly the iden-

tical average length as the initial untrimmed scenario UH-3 but the more 

radically trimmed scenario TUH-3 produced around 1 cm lower average 

length (12.7 cm). 

 

Only one of the five simulations with dissolved hexagons (scenario DH-3) 

produced an average age-1 length (14.2 cm) that falls around the same trend 

with uniform hexagon scenarios. There was no difference in how the dissolv-

ing was carried apart from using different dissolving thresholds. The most 

likely explanation behind the lower average length produced by scenario DH-

3 is variance, as it also had the highest standard deviation (0.9 cm) between 

scenarios presented in Figure 21. When comparing the other four average 

lengths produced by the dissolved hexagon scenarios DH-1, DH-2, DH-4 and 

DH-5 against UH-4, UH-5 and UH-6, respectively, we can see that dissolved 

hexagons produce around 0.4 cm longer average lengths compared to UH 

scenarios with similar cell count. The highest average length (14.7 cm) among 

the dissolved hexagon meshes was produced with scenario DH-4 which was 

dissolved based on the hydraulic and habitat parameters. 

 

Simulations with dissolved Gmsh quads (DGQ) produced even higher aver-

age age-1 lengths than those with uniform and dissolved hexagons consider-

ing the cell counts. The average lengths produced with dissolved Gmsh quads 

were around 0.4-1 cm longer compared to uniform hexagon scenarios with a 

similar number of cells. Dissolved quadrilateral mesh (scenario DGQ-2) that 

was dissolved based on cell velocities and habitat parameters ‘velocity shel-

ter’ and ‘escape distance’, produced the highest average length (15.1 cm) com-

pared to all scenarios.  
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Figure 21. The average length of age-1 juveniles during November in a func-

tion of cell count with uniform hexagon, trimmed uniform hexagon, dissolved 

hexagon and dissolved Gmsh quad scenarios. 

 

4.3.2 Impact of different meshing strategies on outmigration percent-

ages and lengths produced by inSALMO simulations. 

 

Average percentages of juveniles that outmigrated from the river, the total 

outmigration percentage and the average length of outmigrated juveniles be-

longing to age-1 and age-2 classes produced by the inSALMO simulations are 

presented in Table 9. When looking at the uniform hexagon scenarios (UH), 

we can see that the age-1 and total outmigration percentages decrease from 

10.4 % and 18 % to 5.0 % and 12.1 %, respectively, when the number of cells 

increases from scenario UH-6 with 1520 cells to UH-3 with 2009 cells. How-

ever, scenario UH-1 with 2981 cells had a higher age-1 and total outmigration 

percentages than scenario UH-3 with 2009 cells. The age-1 and total out-

migration percentages were higher in the trimmed uniform hexagon scenar-

ios (TUH) compared to the initial mesh, but this could be due to variance as 

the standard deviation for total outmigration with the TUH-2 cells was 4.8 

and was the highest of all meshes. The more radically trimmed scenario 

TUH-3 with 1070 cells produced considerably lower outmigration percent-

ages. 

 

Age-1 outmigration is higher with dissolved hexagon (DH) and dissolved 

Gmsh quads (DGQ) scenarios compared to uniform hexagon (UH) scenarios 

with a similar number of cells, while age-2 outmigration seems to be slightly 



54 

 

lower for DH and DGQ scenarios. For instance, uniform hexagon scenario 

UH-4 with 1806 cells produced an average age-1 outmigration percentage of 

7.5 %, whereas dissolved hexagon scenarios with 1761 (DH-2)  and 1832 (DH-

1) cells produced 11 % and 8.2 % respectively and dissolved Gmsh scenario 

with 1812 (DGQ-3) and 1872 (DGQ-2) produced 9.0 and 12.1 % age-1 out-

migration percentages respectively. The age-2 outmigration varied between 

6.4 % and 7.7 % with the UH scenarios whereas with DH scenarios it varied 

between 6.0 % and 6.6 % and with DGQ scenarios it varied between 5.5 and 

6.6 %. The dissolved quads scenario DGQ-5 with 1872 cells that were dis-

solved based on velocities and habitat parameters produced the second high-

est percentages at age-1 (12.1 %) and total outmigration (18 %) 

 

Similar to outmigration percentages, the average age-1 outmigrant length in-

creases as the cell count decreases, resulting in an average length of 12.1 cm 

for UH-3 and 12.8 cm for UH-6, while the average length of age-1 out-

migrants in the field data was 12.9 cm. Age-2 outmigrant length increases 

less from 15.7 cm to 16.0 cm with the same scenarios and the field data aver-

age for age-2 outmigration length was considerably higher (168 cm). A simi-

lar trend was found with dissolved hexagon scenarios, as the age-1 out-

migrant length varies between 12.5 cm (DH-3) to 12.9 cm (DH-2) and the 

age-2 outmigrant length varies between 15.8 cm (DH-1) and 16.2 cm (DH-5). 

With the dissolved Gmsh meshes age-1 outmigration length is rather stable 

and slightly higher as it varies between 12.8 cm (DGQ-3 & DGQ-4) and 13.0 

cm (DGQ-5). The same can be said for the age-2 outmigrant length, which 

varies between 16.1 cm (DGQ-4 & DGQ-5) and 16.3 cm (DGQ-2). DGQ-5 pro-

duced the highest average outmigration lengths at age-1 (13.04 cm) and age-

2 outmigrants (16.32 cm). 

 

The trimmed uniform hexagon scenario TUH-2 with 1588 cells produced 

very similar outmigrant lengths compared to the initial untrimmed scenario 

UH-3. The more radically trimmed scenario TUH-3 with 1070 cells produced 

considerably lower outmigration lengths compared to the initial untrimmed 

scenario.  
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Table 9. The average percentage of outmigrants belonging to age-1 and age-

2 age classes, total outmigration percentage and average length of age-1 

and age-2 outmigrants. 

  Outmigrant percentage (%) Outmigrant length 

(cm) 

Scenario cell count Age-1     Age-2   Total           Age-1 Age-2 

UH-1 2981 6.8 6.4 13.6 12.5 15.7 

UH-3 2009 5.0 6.7 12.1 12.1 15.7 

UH-4 1806 7.5 7.5 15.5 12.6 15.8 

UH-5 1636 8.9 7.7 17.0 12.5 16.0 

UH-6 1520 10.4 7.3 18.0 12.8 16.0 

TUH-2 1588 6.7 7.0 14.1 12.3 15.6 

TUH-3 1070 3.9 5.7 10.1 11.8 15.3 

DH-1 1832 8.2 6.6 15.2 12.6 15.8 

DH-2 1761 11.0 6.0 17.3 12.9 15.9 

DH-3 1706 6.8 6.4 13.6 12.5 15.7 

DH-4 1670 10.4 6.4 17.1 12.8 16.2 

DH-5 1543 10.1 6.0 16.5 12.8 16.2 

DGQ-1 1892 11.0 6.1 17.5 12.9 16.2 

DGQ-2 1872 12.1 5.5 18.0 13.0 16.3 

DGQ-3 1812 9.0 5.5 14.9 12.8 16.2 

DGQ-4 1662 11.0 6.6 17.9 12.8 16.1 

DGQ-5 1508 12.4 6.3 19.1 13.0 16.1 

 

 

4.4 Analysing the inSALMO modelling process by investi-

gating fish occurrence, food availability and growth 

rates 
 

4.4.1 Fish occurrences in the cells during simulations 

 

The percentage of all tracked fish occurrences for specific age classes for each 

cell using a uniform hexagon scenario UH-3 with 2009 cells is presented in 

Figure 22. Fish occurrences were tracked using the debug file ‘cell-output’ 

that reports the number of fish per age class in all the cells for the tracked 

time step. Occurrences are reported per age class to gain a better understand-

ing of which areas and cells are most important for different-sized fishes.  

 

A total of 594 cells corresponding to an area of 2674 m2  or around 30 % of 

the total cell area were found not to have a single fish occurrence. 971 cells 

had less than 10 tracked occurrences. From the sub-figure of Figure 22 with 

all age classes and hiding cover and velocity shelter shapes, it can be seen that 

most of the cells without any fish occurrences are located in areas without 
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hiding cover or velocity shelter as well as deeper regions and outside the river 

banks.  

 

When comparing the Age-0 and Age-2 age classes it can be observed that 

young juveniles tend to occupy shallow areas near the banks, whereas age-2 

juveniles have very few occurrences in those areas. From the sub-figure with 

age-2 occurrences, it can be observed that there is a hotspot of occurrences 

circled with yellow. The hotspot corresponds to a deeper region inside the 

hiding cover but not the velocity shelter.  

 
Figure 22. The percentage of all tracked fish occurrences in specific age 

classes is presented for each cell using a uniform hexagon scenario UH-3 

with 2009 cells. The fish occurrences were tracked using the inSALMO de-

bug file ‘cell-output’ that reports the number of fish during each tracked time 

step. The results were averaged from a total of 10 simulations and the 

tracked period was the whole simulation period, and the ‘cell-output’ was 

reported once every 7 days at varying time of the day (day, dawn, dusk and 

night). In the second mesh from the left, the hiding cover is presented with 

green, and the velocity shelter is presented with blue. 

 

The percentage of all tracked fish occurrences for the age-1 fish for uniform 

hexagon meshes with two different cell counts (UH-2 & UH-5), dissolved 

hexagon mesh (DH-1) and dissolved Gmsh quadrilateral mesh (DGQ-3) is 

presented in Figure 23. The age-1 class was chosen for the inspection as DGQ-

3, DH-1 and UH-5 had significantly higher average age-1 length in November 
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compared to UH-2 as was found in section 4.3.1. In the age-1 class cell usage 

is also quite spread as they still tend to both drift feed and search feed. 

 

All four scenarios roughly follow the same pattern. Most of the cells with no 

usage are in the deeper region a little bit north from the middle of the channel 

and in both ends of the channel. The cells with higher usage (>0.1 of all oc-

currences) are mainly in the middle of the bottom half of the channel and in 

the narrow lane of the top half of the channel. With 1520 uniform hexagon 

cells (UH-6), 1832 dissolved hexagon cells (DH-1) and 1812 dissolved Gmsh 

quads (DGQ-3), there were 302, 426 and 246 unused cells respectively cor-

responding to areas of 1884 m2, 2117 m2 and 1156 m2.  With the dissolved 

Gmsh quads the unused area was significantly smaller compared to the rest 

of the meshes. The location of cells with the highest number of occurrences 

(1-2 % of all occurrences, marked with black) seems to vary across the differ-

ent meshes. For example, with the dissolved Gmsh quads there are dissolved 

cells with 1-2 % of occurrences in a narrow part of the middle of the channel. 

With the uniform hexagon scenario with 2009 cells (UH-3), all the cells with 

the highest occurrences seem to be in shallow areas with low velocity close to 

the channel bank. In contrast, the other three scenarios (UH-5, DH-1 & DGQ-

3) have cells with the highest occurrences also in the middle part of the chan-

nel.  
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Figure 23. The percentage of all tracked fish occurrences in the age-1 class 

using two uniform hexagon scenarios UH-3 and UH-6 with different cell 

counts, dissolved hexagon scenario DH-1 and dissolved Gmsh quadrilat-

eral scenario DGQ-3. The results were averaged from 10 simulations per 

mesh. 

 

4.4.2 Differences in food availability and growth rates provided by the 

different meshes. 

 

Availability of food for search-feeding depends on the cell area and therefore 

too small cells might limit food intake of search-feeding fish. To study 

whether the cell area limits the search-feeding food intake, the cell search-

feeding food availability and the maximum food intake for different-sized 

fishes were calculated for each cell during summer flow. It was found that 

with a uniform hexagon scenario (UH-1) with a cell size of 3 m2 correspond-

ing to 2981 cells, the cell size does not limit the search intake of any sized fish 

if two or fewer fish feed in the same cell. However, when the number of fish 

in the cell is 2 or more the number of cells where the cell size limits the 

search-feeding food intake quickly increases. With UH-3 the search-feeding 

was limited when the number of fish in the cell was 3 or more. This might 

particularly limit the growth of superindividuals that share the cell resources 

by design. The maximum number of individual fish represented with one su-

perindividual was set to 40 during the simulation. When the fish emerges, 
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they are represented by superindividuals containing 40 individual fish, ex-

cept for the last superindividual that contains the remaining fish and repre-

sents, therefore, less than 40 fish. When taking a closer look into individual 

fish output the superindividuals that represent 40 individual small fish 

mainly drift-feed, which might be due to limited availability of search food. 

Superindividuals that represent a smaller number of individual fish, for in-

stance, 16, or roughly same-sized small individual fish seem to prefer search-

feeding.  

 

When calculating the same difference between food availability and maxi-

mum food intake for drift-feeding for a single 14 cm long juvenile during 

summer flow and 10 °C temperature, there are 570 cells with the UH-1 sce-

nario and 331 cells with the UH-3 scenario where the cell size would limit the 

food intake in these particular conditions. When the number of drift-feeding 

fish in the same cell is increased to two the number of cells where the cell size 

limits the food intake increases to 761 in UH-1 and to 587 in UH-3. Most of 

the cells where the cell size would limit the drift-feeding intake are located in 

shallow areas with low velocity, where drift-feeding is unlikely to take place. 

However, some of the cells are located in areas with drift-feeding activity ac-

cording to inSALMO output. When the fish size decreases, the cell size be-

comes less important as the fish's ability to consume drift-food decreases. 

 

As the hydraulic parameters change due to dissolving or simply using larger 

cell size, the fitness provided in the cells influenced by these parameters also 

changes. For instance, if the velocity increases the availability of drift food 

increases but the drift feeding success rate decreases and the respiration 

costs increase. One way to analyse the differences in provided fitness between 

the different cells is to calculate the growth rate or survival probabilities in 

the cells for a certain-sized fish at a certain temperature and then either com-

pare the results cell by cell or visualize the results using GIS. In Figure 24, 

the growth rate (g/d) 14 cm long juvenile would experience while drift-feed-

ing in selected cells of different meshes at 10 °C is presented, assuming a ve-

locity shelter is available and there is no competition for the available food. 

The figure shows that in these particular cases, the growth rate during drift-

feeding does not radically change when using larger uniform hexagon cells 

(UH-5) or dissolving cells (DH-1) with similar hydraulic values. There are 

slightly more differences when using the dissolved Gmsh cells (DGQ-3 & 

DGQ-5), partly due to different geometries but also due to the dissolving. For, 

instance there is a large cell with a growth rate of over 2.1 g/d in DGQ-5 which 

can cause increased growth during the simulation. Another observation can 

be made regarding the velocity shelter, which is presented with the blue hash 

in the figure. In the cells from dissolved Gmsh meshes DGQ-3 & DGQ-5, 

there are large cells that are partially inside the velocity shelter. Extending 

the cell boundaries to cover the area outside the actual velocity shelter might 
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increase the value of the velocity shelter as it increases the availability of the 

drift food. The drift feeding is more likely to be limited by the total cell area 

rather than the area of the velocity shelter as 14 cm long juveniles only de-

plete available velocity shelter by an area of 196 cm2 which is much smaller 

than the area needed for the cell to provide sufficient amount of drift food. 

 

 
Figure 24. The growth (g/d) 14 cm long juvenile would experience drift-feed-

ing in selected cells of different meshes (UH-5, UH-2, DH-1, DGQ3 and 

DGQ-5) and at 10 degrees Celsius, assuming a velocity shelter is available 

and there is no competition present for available food. The location where 

the cells were taken is presented in the bottom right figure with the age-1 fish 

count. The blue hash marks the velocity shelter layer. 
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5 Discussion  
 

The results indicated that the developed tools improved the hydraulic accu-

racy of the inSALMO computational mesh. While improving the hydraulic 

accuracy, results revealed that errors between hydraulic parameters and the 

original hydraulic rasters were quite similar for different meshing methods 

and scenarios and thus no obvious improvement was found in retaining the 

hydraulic accuracy with the new methods (DH, GQ & DGQ). However, the 

dissolved gmsh quads (DGQ) scenarios produced the smallest error for sum-

mer flow depth and velocity indicating the potential of the method in retain-

ing hydraulic accuracy while decreasing the cell count. This was the first time 

using the developed tools and method to evaluate the hydraulic accuracy and 

therefore comparison to other studies is difficult. The experimental channel 

also had a rather complex and narrow geometry which limited the areas with 

uniform hydraulic parameters that could be dissolved. It also made the con-

tour lines dense and complex, thus complicating their use with Gmsh and 

leading to too small cells or invalid geometries. The minimum cell size was 

restricted to around 2 m2 because smaller cells would be likely to cause mod-

elling artefacts in inSALMO according to the user manual (Railsback et al., 

2023). On the other hand, using a larger cell size constraint in Gmsh would 

have quickly decreased the hydraulic accuracy of the method. To investigate 

the full extent of the meshing tools and strategies created during this study, 

larger, wider and more uniform channels should be examined, such as river 

Gullspång in the study by Hajiesmaeili (Hajiesmaeili et al., 2023). Further-

more, higher hydraulic accuracy could have been achieved if the dissolving 

of the cells was done only based on one of the two flows as the uniform areas 

were slightly different for the two flows. As inSALMO currently does not sup-

port switching the mesh during the simulation, the dissolving was based on 

both flows simultaneously. However, the inSALMO code can be modified so 

that switching the mesh would be allowed during the simulation. This could 

be beneficial, especially in cases where the flow is changed only a few times 

per year as was in this study. It would also allow to have different habitat 

parameters such as velocity shelter for different flows. Preliminary results 

indicate that changing the mesh a few times during the simulation would not 

increase the simulation runtime. However, more testing is required to make 

sure that the code changes do not introduce other problems to the model.  

 

The impact of different meshing strategies was evaluated using the results 

from inSALMO simulations, which demonstrated important effects and pro-

vided new ideas for executing the strategies. It was shown  that the simulation 

runtime increases linearly with the cell count when using uniform hexagons, 

dissolved hexagons or dissolved quadrilateral cells. Thus, simulation runtime 

can be decreased by increasing the average cell size or decreasing the cell 

number through dissolving. It was also shown that the simulation runtime 
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was significantly lower with trimmed uniform hexagon scenarios compared 

to other scenarios with a similar number of cells. This could be explained by 

the fact that in both trimmed scenarios there are regions with relatively high 

cell usage but with a low number of nearby cells (e.g., Figure 19, yellow cir-

cles). If a fish is occupying a cell in those regions, it would have a smaller 

number of cells in the habitat selection radius R (see section 3.4) and thus 

fewer calculations would be needed. The modelling period (5 years) was 

longer than, for example, in study conducted by Hajiesmaeili (Hajiesmaeili 

et al., 2023) where  they simulated one year period. It was mentioned in 

Hajiesmaeili et al. (2023) that running one simulation took approximately 2 

hours with 5532 habitat cells and fish population of 1230. The simulation 

runtime per modelled year is considerably lower in the Hajiesmaeili el al. 

(2023) compared to simulation runtimes during this work, but they are not 

directly comparable due to differences in initial populations, simulation 

runtimes. There was also no spawning and emergence of new juveniles in the 

study by Hajiesmaeili, which might significantly speed the simulation. 

 

The inSALMO simulation results showed that juvenile growth is sensitive to 

the average and local cell size as well as meshing strategy. The average length 

of both age-0 in August and age-1 juveniles in November decreased as the 

cell size decreased until to around 4.5-5 m2 after which the average lengths 

stabilized. All dissolved hexagon scenarios (DH) produced an average age-1 

length in August close to the electrofishing data. However, it is important to 

note that the model was not re-calibrated when the cell size was changed. Re-

calibration should be considered in the future work paying attention espe-

cially to the parameters determining the food availability, such as drift-food 

concentration and search-food production. Master thesis done by Butcher 

and Parris (2006) was the only previous study where the impacts of cell size 

and shape were studied using inSALMO or inSTREAM. They used older ver-

sion of inSTREAM and founded significant variation in biomass production 

among the scenarios with different sized irregular polygons but not statisti-

cally significant impacts when using uniform shaped cells in normalized con-

ditions. However, the inSTREAM version used during this work has signifi-

cantly evolved from the study and the results are not directly comparable.  

 

The average age-1 lengths in November with both dissolved hexagon scenar-

ios and dissolved Gmsh quad (DH & DGQ) scenarios were higher compared 

to uniform hexagon scenarios with similar cell counts and average cell sizes. 

This could be explained by the fact that in dissolved scenarios some cells are 

larger than the average cell size and therefore the growth could be higher in 

those cells. This hypothesis was also supported by the results, as it was found 

that in scenarios with smaller cells (UH-1 & UH-3), the cell area limits the 

food intake and hence the growth in some of the cells. This mechanism also 

makes it difficult to compare the scenarios with variable-sized cells and 
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uniform cells. Habitat parameters ‘velocity shelter’ and ‘distance to escape’ 

were only considered in the dissolving process of two scenarios (DH-4 & 

DGQ-2). Both of these scenarios produced the highest average lengths among 

the scenarios in their strategies indicating the significance of the two habitat 

parameters. In future work, these should be considered in more detail. 

 

It was also observed with uniform hexagon scenarios that when the number 

of cells increased and cell size decreased, the age-1 and total outmigration 

percentage decreased until reaching around 2000 cells with a cell size of 

around 4 m2. It should be noted that as juveniles grow longer outmigration 

becomes a more viable option. For comparison, Hajiesmaeili et al. (2023), 

Watz et al. (2022) and Bjørnås et al. (2021) used uniform hexagon cells with 

4.5 m2; 4.4 m2 and 2.6 m2 cell sizes respectively but did not comment on how 

the cell size was chosen. 

 

When comparing the different dissolving strategies, it was observed that dis-

solving cells based on only velocities produced similar results compared to 

meshes dissolved based on velocities and depths. Due to a lack of accurate 

and suitable data, field observations were only used when analysing the av-

erage lengths of YOY in August and when analysing the average outmigrant 

lengths.  

 

Besides looking into results related to outmigration and fish length, different 

strategies were also evaluated by looking at how different cells were used dur-

ing the simulations. Analysing the cell usage between different scenarios re-

vealed that in general the areas with high usage and low usage remained rel-

atively similar with few differences. High usage was found in relatively shal-

low areas and deeper regions if there was hiding cover. No usage or low usage 

was found in deeper regions with low velocities and without hiding cover 

highlighting the importance of the hiding cover. An interesting observation 

was that some of the cells were not used at all and that could be valuable 

information when trying to decrease the cell count without deteriorating the 

modelling results. Hajiesmaeili et al. (2023) have also visualized the fish dis-

tribution in their study and there can be also seen high number of cells with 

no occupying fish. However, the visualization might be only a snapshot from 

a single timestep. The unused cells could be also further analysed to find 

common factors, which could be then used during the dissolving process. For 

example, one could use tighter thresholds in areas where the hiding cover is 

present and merge cells more loosely in areas where there is no hiding cover. 

This would, however, require modifications to the code that handles the dis-

solving. One simple solution that was tested during this study was to simply 

remove the unused cells (TUH-1), which produced similar results as the orig-

inal scenario UH-3 but with 4.5 hours or about 23 % shorter simulation 

runtime. This could be a viable method when running multiple simulations 
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with long simulation periods in the same river channel.  This would require 

running a test simulation to see which cells are not used at all and then re-

moving them to speed up the modelling process in further simulations. How-

ever, there were major decreases in average age-0 and age-1 length when 

some cells that had some usage during the simulation were removed. There-

fore, removing cells should be done with caution and only cells with no usage 

should be removed. Analysing and visualizing cell usage during the simula-

tions also provides a convenient way to gain a better understanding of what 

happens during the simulation and which cells are critical for growth. When 

combining cell usage information with the information about the resources 

provided by the cells it can be also understood why the fish tend to habit cer-

tain cells.  

 

While looking at the cell usage it was noted that some of the inSALMO cells 

with high usage had very shallow depths (< 3 cm), which may be unrealistic 

for prolonged usage, as the reported minimum water depth during the 

nursery phase was reported to be 5-15 cm (Armstrong et al., 2003). Those 

cells are used for search feeding as search food availability does not depend 

on the cell depth. Also, in very shallow cells the fish predation risk is non-

existent and if the velocity is also low the respiration costs from swimming 

are small. In the future, it could be considered whether the fish occupying 

very shallow areas should be restricted depending on the fish size. 

 

Regarding the resources provided with different scenarios, the most im-

portant result was that the cell size limits the growth of the fish to a certain 

degree. It was found that in some of the cells in mesh with 4.5 m2 cell size the 

cell size limited the drift food intake even for a single 14 cm long juvenile. 

Naturally, when more fish are feeding in the same cell the cell area starts to 

become significant in more cells. The cell size was found to limit the search-

feeding in the case of superindividuals representing a higher number of small 

juveniles. Cell size-dependent food-availability mechanism could be the rea-

son why the average cell size tended to increase with increased cell size. How-

ever, drawing more detailed conclusions on how the resources changed and 

impacted the modelling results between different scenarios is difficult due to 

the large number of cells, relatively small changes between the scenarios and 

varying cell sizes. However, in future work, it could be beneficial to compare 

cells within limited areas, especially with high usage. Visualising the re-

sources provided by the different cells provides another perspective to view 

the channel and the habitat. In general, the aim of building a better under-

standing of the inSALMO modelling process was achieved by explaining and 

visualising the fish occurrence, growth rates and food availability but the in-

SALMO simulations results such as the average lengths were only partly ex-

plained using the information.   
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6 Conclusions 
 

The main aim of the thesis was to enhance the modelling performance of the 

individual-based model inSALMO by developing tools and means to autom-

atize and optimize the computational mesh generation and improve its hy-

draulic accuracy. Two tools were developed to achieve this. The first tool, the 

QGIS plugin was developed to allow the dissolving of cells based on the user-

defined thresholds, delete unwanted cells, calculate cell parameters and gen-

erate input files for inSALMO. Second, a Python script to use Gmsh through 

pandamesh was developed to create irregular quadrilateral meshes from 

scratch based on the depth or velocity contours. These two tools provide a 

flexible way to generate meshes based on different inputs (e.g., hydraulic ras-

ters) and settings such as dissolving and minimum cell size thresholds. These 

tools will help users to explore different meshing options for their use cases. 

Additionally, for mesh quality assurance, the QGIS plugin calculates the dif-

ference between the hydraulic parameters and the original hydraulic rasters 

and reports the results in an Excel file. In total of five different meshing strat-

egies were tested including different-sized uniform hexagons, trimmed uni-

form hexagons, dissolved hexagons, Gmsh quads and dissolved Gmsh quads. 

The hydraulic accuracy of different methods was investigated by comparing 

the inSALMO meshes to the original hydraulic rasters and calculating the av-

erage differences between them. The differences in hydraulic accuracy be-

tween the different methods were small but the dissolved Gmsh quads 

showed improvement compared to other methods. 

 

While evaluating the different strategies, it was found that the simulation 

runtime increased linearly despite cell shape and method with uniform hex-

agons, dissolved hexagons and Gmsh quads. However, when using the 

trimmed uniform hexagons, the runtime was lower compared to scenarios 

with similar cell counts created with other meshing strategies. The inSALMO 

simulation results showed that the average and local cell size in the compu-

tational mesh has a significant impact on the modelling results (e.g., fish 

length) and that it is rather difficult to pinpoint the underlying modelling 

processes behind the changes. Therefore, one should be cautious when de-

ciding the cell size and consider possibly simulating the same scenarios with 

different computational meshes. Due to the complexity of the model, it is dif-

ficult to draw universal conclusions and guidelines on what parameters and 

thresholds should be used during the initial mesh generation and dissolving. 

During the study, only one model and river channel were used and therefore 

it is difficult to evaluate how the different meshing methods would perform 

in other channels. Therefore, the user must understand the possible impacts 

and the underlying processes and consider them case by case when creating 

the computational mesh for inSALMO. Also, creating or modifying the mesh 

in GIS by hand would still be viable, especially, in smaller channels. 
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In general, users should consider using a tighter threshold for velocity than 

depth as velocity has a greater influence on feeding and respiration therefore 

in growth. Users should also consider using velocity shelter and hiding cover 

as dissolving parameters. There were some differences between the meshing 

strategies. For instance, the dissolved hexagons and dissolved quads pro-

duced higher average fish lengths compared to uniform hexagons. However, 

the differences were relatively small and therefore using uniform hexagon 

cells with an appropriate cell size considering the modelled channel and the 

target species could still be a good option. The benefit of using uniform hex-

agon cells is that all the cells are the same sized and thus the results could be 

easier to interpret. In contrast, having different-sized cells increases the com-

plexity of already complex IBM. If there are a large number of cells that are 

not used during the simulation, they could be removed to accelerate the sim-

ulation process. Removing the unused cells showed good potential in de-

creasing the runtime. 

 

Thus, this study contributed to building a better understanding of the differ-

ent meshing strategies and their impacts on the modelling results. It also of-

fered new perspectives to analyse and visualize the fish occurrences and re-

sources cells provide. While discussing the advantages and limitations of in-

dividual-based modelling in background sections, it was noticed that as the 

complexity of the IBMs increases it becomes more difficult to interpret the 

results and explain the reasons behind them. Similarly, when using in-

SALMO during this thesis it was not always clear what causes, for instance, 

increased fish lengths, even when analysis was done about the fish occur-

rences, food availability and growth rates. In contrast, as the IBMs are based 

on the real processes between the fish and the surrounding environment us-

ing the model helps to build a general understanding of the interactions be-

tween the modelled species and the physical habitat. To conclude using and 

developing IBMs, in this case, inSALMO, requires a lot of effort to get familiar 

with the model but offers great potential in creating a more realistic and pro-

cess-based understanding of the relationship between fish and the surround-

ing habitat. 
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Appendix A. Meshes used during the study 

Table A1. All the meshes that were used during the study apart from a few 

meshes used for evaluating the simulation runtime. Gmsh quads and the 

bottom three dissolved Gmsh quads meshes were only used to compare the 

hydraulic accuracy of the meshes in section 4.1. 
(mesh number) 
Method 

Cell 
count 

aver-
age 
cell 
size 
(m2) 

Dissolving 
parameters 

Dissolving 
threshold 

Contours Repeats 
(valid 
runs)  

UH-1  2981 3.0 - - - 20 (13) 

UH-2 2121 4.20 - - - 20 (9) 

UH-3 2009 4.50 - - - 20 (5) 

UH-4 1806 5.09 - - - 20 (7) 

UH-5 1638 5.59 - - - 20 (11) 

UH-6 1520 5.99 - - - 20 (8) 

UH-7 1304 7.21 - - - 20 (6) 

UH-8 941 10.39 - - - 10 (4) 

TUH-1 1588 4.50 - - - 20 (10) 

TUH-2 1070 4.50 - - - 20 (11) 

DH-1 1832 4.93 Depth &  
velocity 

C (0.1) - 20 (9) 

DH-2 1761 5.06 Velocity avg (0.05) - 20 (7) 

DH-3 1706 5.3 Depth &  
velocity 

C (0.15) - 10 (8) 

DH-4 1670 5.38 Velocity,  
VS, ED 

C (0.075) - 20 (11) 

DH-5 1543 5.86 Depth &  
velocity 

C (0.20) - 10 (4) 

GQ-1 1896 4.77 - - SD* - 

GQ-2 1879 4.86 - - SD - 

GQ-3 1870 4.84 - - SV* - 

DGQ-1 1892 4.68 Depth &  
velocity 

avg (0.1) SD 20 (7) 

DGQ-2 1872 4.78 Velocity,  
VS, ED 

C (0.075) SV 20 (12) 

DGQ-3 1812 4.94 velocity avg (0.05) SV 20 (7) 

DGQ-4 1662 5.40 Velocity avg(0.075) SV 20 (8) 

DGQ-5 1508 6.02 Depth &  
velocity 

avg (0.1) SD 20 (6) 

DGQ-6 1915 4.63 Depth &  
velocity 

avg (0.1) SD* - 

DGQ-7 1809 4.95 Depth &  
velocity 

avg (0.1) SV* - 

DGQ-8 1807 4.97 Depth &  
velocity 

avg (0.1) SD* - 
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Appendix B. Average age-0 and age-1 lengths pro-

duced by the different inSALMO scenarios 

 

Table B1. Average age-0 August and Age-1 November lengths produced by 

the different inSALMO scenarios   
Average length 

Scenario Cell count Age-0 August Age-1 November 

UH-1 2981 6.27 14.09 

UH-2 2121 6.53 13.89 

UH-3 2009 5.96 13.69 

UH-4 1806 6.35 13.98 

UH-5 1638 6.72 14.33 

UH-6 1520 7.02 14.35 

UH-7 1304 7.12 14.7 

UH-8 941 7.27 14.1 

TUH-1 1588 6.18 13.72 

TUH-2 1070 7.72 12.7 

DH-1 1832 6.64 14.4 

DH-2 1761 6.73 14.45 

DH-3 1706 6.62 14.24 

DH-4 1670 6.65 14.74 

DH-5 1543 6.76 14.7 

DGQ-1 1892 6.87 14.76 

DGQ-2 1872 6.86 15.11 

DGQ-3 1812 6.38 14.51 

DGQ-4 1662 6.73 14.71 

DGQ-5 1508 7.17 14.85 

 


